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ABSTRACT 


This  report  delineates  work  carried  out  over  the  period  1  July  1991  to  30  June  1992  on 
Grant  No.  N000 14-9 1-J- 1922  entitled  “Ceramic  Actuators  for  Smart  Materials.”  Two  topics  were 
tackled  on  the  program  at  Penn  State. 

(I)  In  earlier  studies  a  number  of  phase  switching  systems  had  been  explored  which  permit  the 
switching  of  large  electric  polarization  and  the  associated  high  elastic  strain.  The  question  to  be 
resolved  was  whether  these  large  polarization  values  could  be  repeatedly  switched  without 
associated  mechanical  or  electrical  fatigue.  Early  fatigue  was  shown  to  be  an  electrode  problem 
and  with  care  in  electrode  application,  density  control,  grain  size  control  and  field  homogeneity  it 
was  shown  that  full  switching  lifetimes  with  no  fatigue  of  more  than  109  cycles  were  achievable. 

(II)  In  polymer-ceramic  composite  transducers  the  1 :3  type  connectivity  is  highly  desirable.  A 
new  theoretical  approach  has  been  made  to  calculate  the  inhomogeneous  stress  profiles  in  both 
piezoceramic  and  polymer  phases.  The  predictions  have  been  tested  using  the  MRL 
ultradilatometer  and  good  agreement  is  shown  between  predicted  and  observed  strain  profiles.  A 
new  type  of  1:3  composite  making  use  of  radially  poled  ceramic  tubes  has  been  explored  and 
shown  to  offer  unusually  attractive  possibilities  for  the  control  of  piezoelectric,  elastic  and  electric 
impedance  characteristics  and  to  offer  a  vehicle  for  the  new  electrostrictive  agile  piezoelectrics. 
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1.0  INTRODUCTION 

Work  on  this  short  one  year  program  focused  upon  two  topics. 

a.  The  reliability  of  polarization  switching  high  strain  actuators:  Penn  State  work  in  this 
laboratory  focused  upon  the  fatigue  behavior  under  pure  electrical  (stress  free)  drive 
conditions. 

Samples  of  simple  piezoelectric  PZT5,  Electrostrictive  PMN:PT  and  phase  switching 
compositions  in  the  PbZr03:PbTi03:PbSn03  system  were  also  supplied  to  Dr.  Evans 
group  in  Santa  Barbara  to  study  the  performance  under  pure  mechanical  boundary 
conditions. 

b.  Work  was  continued  in  cooperation  with  the  ONR  Transducer  Program  upon  the 
derivation  and  measurement  of  the  performance  of  the  simple  1:3  type 
piezoceramic :polymer  composite  and  upon  a  new  variation  on  the  1:3  composite 
theme  making  use  of  tubular  radially  poled  ceramic  elements  working  through 
piezoelectric  d3i  coefficient. 

2.0  ELECTRICAL  FATIGUE  IN  POLARIZATION  SWITCHING  ACTUATORS 

The  work  on  this  program  followed  on  from  earlier  studies  by  W.  Y.  Pan,  C.  Q.  Dam,  Q. 
M.  Zhang  and  L.  E.  Cross  on  “The  Performance  of  Large  Displacement  Transducers  Cased  on 
Electric  Field  Force  Phase  Transitions,’’1  and  of  “Polarization  Controlled  High  Strain  Actuators,” 
by  L.  E.  Cross2  which  suggested  that  the  early  fatigue  observed  in  these  materials  on  repeated 
cycling  round  the  hysteresis  loop  of  P  vs  E  (xjj  vs  E)  was  a  surface  and  not  a  volume  effect. 

Studies  on  this  program  and  in  cooperation  with  our  ONR  Transducer  Program  have 

shown: 

(a)  That  early  fatigue  after  -104  -  105  switching  cycles  in  PLZT  7:68:32  is  in  fact  an  electrode 
problem  due  to  a  poor  interface  between  the  metal  and  the  ceramic.  With  sputtered  gold  or 
indiurmthallium  metal  electrodes  on  a  properly  cleaned  surface  no  fatigue  is  observed  to 
-109  cycles. 

(b)  For  fatigue  free  performance  it  is  necessary  that  the  sample  be  pore  free  and  transparent  as 
can  be  achieved  by  suitable  hot  pressing  in  the  PLZT  family  of  compositions.  Normal 
ceramic  samples  (-98%  density)  show  a  logarithmic  fatigue  commencing  -104  -  105 
cycles.  This  type  of  fatigue  is  not  permanent  and  the  sample  can  be  rejuvenated  by  heating 
above  the  Curie  temperature. 
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(c)  To  avoid  catastrophic  failure  under  cycling  stress  it  is  also  necessary  to  control  the  grain 
size  to  be  less  than  5  Ji  meters.  Larger  grain  ceramics  exhibit  microcracking  at  the  grain 
boundaries  which  rapidly  leads  to  complete  mechanical  failure. 

(d)  For  extended  life  the  samples  must  be  excited  by  uniform  electric  fields.  Limited  area 
electrodes  lead  to  large  stress  concentrations  at  the  electrode  perimeter  and  again  exhibit 
failure  due  to  cracking. 

(e)  For  the  PLZT  family  it  is  possible  to  chose  compositions  which  exhibit  shape  memory 
effects  at  room  temperature  or  at  liquid  nitrogen  temperature.  Phenomena  which  could  be 
of  major  importance  for  the  control  of  large  area  space  based  mirror  structures. 

It  must  be  noted  that  fatigue  effects  are  completely  dependent  on  the  cyclic  driving  to  which 
the  samples  are  subjected,  i.e.  there  are  an  infinite  family  of  fatigue  lifetimes  ranging  from  the 
aging  behavior  under  zero  drive  to  the  instant  failure  under  breakdown  level  fields. 

For  these  studies  the  samples  were  subjected  to  AC  fields  at  60  Hz  large  enough  to  drive 
the  polarization  to  a  completely  saturated  hysteresis  loop.  This  is  a  much  more  severe  fatiguing 
drive  than  is  normally  for  a  piezoelectric  ceramic  and  was  designed  to  test  the  possibility  of  making 
reliable  high  strain  systems  which  could  utilize  the  full  strain  (-0.4%)  associated  with  complete 
polarization  switching. 

A  more  complete  account  of  these  studies  is  given  in  Appendices  1  and  2.  This  work  is 
being  continued  on  alternative  support. 

3.0  PIEZOELECTRIC  COMPOSITES 

On  this  program  Dr.  Qiming  Zhang  has  cooperated  with  Dr.  Wenwu  Cao  in  a  more  detailed 
study  of  the  1:3  type  composite  which  has  been  widely  exploited  in  hydrophone  and  in  ultrasonic 
electromedical  applications.  The  objective  was  to  first  derive  the  inhomogeneous  displacement 
profiles  for  a  single  rod  or  single  tube  of  piezoelectric  ceramic  in  a  polymer  matrix  subjected  to 
uniaxial  or  hydrostatic  stress.  From  this  displacement  profiles,  the  stress  concentration  in  both 
polymer  and  ceramic  phases  is  calculated.  This  analysis  demonstrates  clearly  that  only  a  limited 
part  of  the  polymer  which  is  close  in  to  the  surface  of  the  ceramic  contributes  strongly  to  the  stress 
enhancement  in  the  ceramics,  and  that  the  induced  stress  in  the  ceramic  is  also  higher  near  the 
surface.  The  theoretical  results  quantatively  predict  the  performance  of  a  given  1:3  composite  and 
can  be  used  to  optimize  the  design  parameters,  the  ceramic  content,  the  aspect  ratio  of  the  rods,  the 
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rod  geometry  and  spacing,  resin  hardness,  etc.  for  optimum  performance.  This  work  is  effectively 
summarized  in  Appendix  3. 

Using  the  MRL  ultradilatometer  Qiming  Zhang  has  measured  the  inhomogeneous  strain 
profiles  in  both  2:2  and  1:3  connected  piezoelectric:polymer  composites.  The  experimental  profiles 
show  the  expected  characteristics  and  compare  well  with  theoretical  prediction  both  for  the  2:2  and 
the  1.3  cases  (Appendix  4). 

In  the  above  analyses  in  all  cases  the  piezoactive  phase  is  poled  along  the  length  of  the  rod 
and  tube,  so  that  under  uniaxial  stress  along  the  rod  the  electrical  charge  is  generated  through  the 
piezoelectric  constant  d33.  For  the  case  of  radial  poling  of  a  PZT  hollow  cylinder  or  tube  used  as 
an  element  in  the  1:3  type  composite,  the  situation  is  more  complex  and  significantly  more 
interesting. 

The  effective  piezoelectric  constant  in  the  radial  direction  can  be  ‘tuned’  by  varying  the  ratio 
of  outer  to  inner  radius  of  the  tube  (varying  the  wall  thickness)  and  can  be  made  positive,  negative 
or  zero.  In  this  way  it  is  possible  to  make  a  composite  transducer  with  all  effective  piezoelectric 
constants  of  the  same  sign  and  thus  a  transducer  with  very  high  hydrostatic  sensitivity. 

The  thin  walled  tube  appears  to  offer  some  new  and  most  interesting  possibilities  for 
actuation.  Since  the  radial  field  can  be  made  large  at  low  terminal  voltage,  and  is  independent  of 
the  thickness  of  the  composite  (length  of  the  tube),  the  electrical  impedance  can  be  low.  Also,  as 
the  ceramic  is  much  stiffer  than  the  polymer,  the  very  thin  walled  tube  has  lower  longitudinal 
stiffness  so  that  together  with  a  foamed  polymer  the  mechanical  impedance  can  be  made  very  low 
to  interface  with  an  air  load.  Further,  the  high  field  at  low  voltage  suggests  that  electrostrictive 
ceramics  could  be  used  and  the  capability  to  generate  an  agile  piezoelectric  response  with  very  high 
d3i  also  exploited. 

This  work  is  summarized  in  Appendix  5. 
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APPENDIX  1 


FATIGUE  EFFECTS  IN  HIGH  STRAIN  ACTUATORS 


L.  Eric  Cross,'  Qiyue  Jiang' 


ABSTRACT 

In  ail  ceramic  piezoelectric  and  electrostrlctlve  actuator  materials,  the  basic 
mechanism  coupling  electric  and  elastic  properties  is  electrostrictlon  i.e.  the  strain 
xy  is  related  to  the  components  of  the  Polarization  P^Pl  by  the  relation: 

xy  =  Qklij  PkPl 

where  the  Qklij  are  electrostrictlon  constants  In  polarization  notation.  For  the 
different  piezoelectric  and  electrostrictive  ceramics.  Pk  and  Pj  may  be  made  up  of 
combinations  of  spontaneous  and  induced  polarizations  and  changes  of  P  can  also  be 
effected  by  both  domain  md  by  phase  changes.  In  all  perovskite  structure  based 
systems  however  the  Qk'ij  are  ‘proper*  constants  (not  morphic)  and  do  not  change 
widely  within  a  given  composition  family.  Thus  It  is  that  to  achieve  large  shape 
change  (strain)  it  is  essential  to  be  able  to  Induce  large  changes  in  polarization. 

We  have  demonstrated  in  earlier  studies  (1)(2)  that  In  Lead  lanthanum  zlrconate 
titanate  (PLZT)  family  of  ceramics  at  compositions  which  are  In  the  spin  glass  phase 
at  room  temperature,  large  polarization  changes  and  large  strain  changes  can  be 
Induced  by  a  nano  to  macrodomain  phase  change  driven  by  electric  field. 

For  PZLTs.  the  fatigue  effects  which  occur  In  all  high  strain  systems  and  limit  the 
number  of  useful  strain  cycles  driven  are  particularly  accessible  t<  stu  ly.  In  this 
work  we  demonstrate: 

(i)  That  Initial  fatigue  which  occurs  In  the  composition  7  :  68  :  32  at  ~105  cycles  is 
due  to  Improper  electrodlng  procedures. 

(li)  That  In  hot  pressed  transparent  ceramics  of  the  same  compositions  with  groin 
size  less  that  5  pm  and  no  visible  pores  or  micro  voids,  there  is  not  fatigue  lor 
-109  cycles  of  strain  up  to  0.4%. 

(ill)  For  a  similar  composition  which  is  not  hot  pressed  and  contains  a  normal 
ceramic  pore  distribution  (p  actual/p  theoretical  -  97  to  98%)  fatigue  sets  in  at 
-104  to  105  cycles. 

(iv)  In  large  grain  samples,  a  different  failure  mechanism  occurs  due  to  the 
development  of  micro-cracks  which  evolve  into  macro-cracks  rupturing  the 
sample. 
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Different  compositions  of  PLZT  and  of  Lead  Magnesium  Nlobate  :  lead  Utanate 
solid  solution  show  micro  to  macrodomain  transition  down  to  liquid  nitrogen 
temperature.  Evidence  for  strain  and  fatigue  effects  In  these  materials  will  also  be 
presented. 

(1)  INTRODUCTION 


To  describe  the  electro-elastic  Interactions  In  Insulating  crystalline  dielectric 
materials  It  Is  customary  to  use  the  phenomenological  equations  involving  the 
piezoelectric  and  electrostrlctlve  deformations  induced  by  electric  fields  in  the  form 


*1J  =  ®iJklXk]  +  dniijEn)  +  gmnlj  E-mEn 


(1) 


where 


X|j  are  components  of  the  induces  strain 

X|j  components  of  the  applied  electric  field 

E,nEn  components  of  the  applied  electric  field 

sykl  the  clastic  compliance  tensor 

dm|j  the  piezoelectric  tensor 

gmnlj  the  electrostrlction  tensor. 


In  simple  linear  dielectrics,  alternative  forms  may  be  written  transposing  stress 
and  strain,  polarization  and  field  and  all  constants  are  related  by  simple 
transformations.  For  the  nonlinear  ferroelectric  related  dielectrics  which  are 
essential  for  achieving  high  strain  behaviour  the  relation  between  E  and  P  Is  highly 
nonlinear.  oRen  hysterelic  and  the  "constants"  dmlj  and  gmnlj  are  strong  functions 
of  both  field  and  temperature.  In  such  materials  systems  It  Is  simpler  to  describe  the 
elasto-dieleclrlc  behaviour  using 


*tj  =  SlJklXkl  -  bmljP m  -  QmnljPn>P n  (2) 

where  Pm.  Pn  are  components  of  electric  polarization 

bjuij  the  piezoelectric  tensor  now  in  polarization  notation 

Gmnlj  the  electrostrlction  tensor  again  In  polarization  form. 

In  both  equations  (1)  and  (2)  the  Einstein  summation  convention  Is  assumed.  For 
(2)  however,  the  coefficients  b  and  Q  are  now  found  to  be  largely  Independent  to 
temperature  and  to  have  similar  values  In  the  same  structure  families. 

For  bulk  samples,  the  polarization  levels  which  can  be  induced  by  realizable 
electric  Reids  below  dielectric  breakdown  are  such  that  even  in  very  high  permittivity 
ferroelectric  or  parae1’  :trlc  dielectrics  the  constants  b  and  0  do  not  permit  the 
Induction  of  strains  much  above  3  10'4.  In  ferroelectric  crystals  however, 

spontaneous  polarizations  occur  which  are  order  to  magnitude  larger  and  In  some 
cases  Induce  strain  - 1 .5. 10‘ 1 . 

In  looking  for  new  electro-elastic  actuators  which  can  control  strains  much  larger 
than  conventional  piezoelectric  and  electrostrlctlve  ceramics  it  Is  then  natural  to 
look  for  materials  In  which  Ps  the  spontaneous  polarization  can  be  controlled. 

In  earlier  studies  (1)(2)  two  different  types  of  phase  switching  actuators  were 
demonstrated. 


Systems  which  could  be  switched  by  electric  field  from  antlfenroelectric 
(P=0)  to  strongly  ferroelectric  (P  =  Ps)  Inducing  strains  up  to  0.8%. 


Hitigut  ///ft  1 1  in  High  .Strain  AiluiUora 
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•  Compositions  In  the  lead  lanthanum  zireonate  lltanate  (PLZT)  family  which 
settle  Into  a  spin  glass  slate  (P  =  0)  at  the  working  temperature,  but  can  be 
switched  to  a  ferroelectric  state  (P  =  Ps)  which  Induced  strains  up  to  0.5%. 

For  all  ferrolc  systems,  whether  ferroelectric,  ferroelastlc  (shape  memory)  or 
ferromagnetic  where  large  strains  are  switched  by  inducing  or  reorienting 
spontaneous  strain,  there  must  be  concern  as  to  possible  mechanisms  which  may 
degrade  performance  on  repeated  actuations,  problems  which  may  stem  from  a 
number  of  different  causes  but  are  often  lumped  together  under  the  heading  of  fatigue. 

It  Is  the  purpose  of  this  paper  to  summarize  work  on  fatigue  mechanisms  In  high 
strain  phase  switching  actuators  which  has  been  carried  on  the  Materials  Research 
Laboratory  at  Penn  State  over  the  last  four  years. 

(2)  STUDIES  OP  FATIGUE  IN  PLZT  PHASE  SWITCHING  CERAMICS 

Previous  studies  of  high  strain  actuators  have  explored  compositions  In  the  PLZT 
system  chosen  near  to  the  morpholropic  phase  boundary.  In  describing  the  PLZT 
compositions  It  has  become  conventional  to  use  the  notation  X/Y/Z  where  Y/Z  is  the 
ratio  of  the  mole  fraction  of  zlrconla  to  tilanla,  and  x  is  the  model  fraction  of 
Lanthanum  substituted  into  the  solid  solution.  Thus  for  example  on  9/65/35 
composition  has  65%  Zlrconla  to  35%  tltanla  with  8  mole%  of  Lanthanum  added. 
For  the  compositions  explored  the  maximum  swltchable  strain  was  over  0.5%.  The 
strain  vs  field  relation  is  hysteretlc,  but  the  strain  levels  induced  are  strictly 
proportional  to  the  square  of  the  Inducing  polarization.  Thus,  by  current  control  It  Is 
possible  to  "dial"  a  specific  displacement  and  the  actuator  can  be  left  remanent  at  any 
chosen  strain  level.  Compositions  and  dielectric  and  strain  data  from  the  earlier 
study  (2)  are  listed  in  Table  1  and  the  compositions  identified  on  the  phase  diagram  In 
figure  1. 

In  any  study  of  the  mechanical  properties  of  ceramics  at  high  strain  levels,  the 
flaw  population  which  may  Initiate  mechanical  failure  Is  critical  since  the  PLZTs  can 
be  hot  pressed  to  very  near  theoretical  density  and  good  optical  transparency. 
Indicating  the  complete  absence  of  larger  scattering  centers  with  dimensions  near  to 
the  wavelength  of  light,  they  appear  to  be  an  Ideal  vehicle  for  fatigue  studies.  With  the 
close  correspondence  between  polarization  and  Induced  strain,  strain  fatigue  may  be 
monitored  by  continuous  observation  of  the  polarization  levels  and  only  needs  to  be 
checked  at  Intervals  along  the  degradation  curve. 

Initial  studies  using  a  7:68:32  PLZT  compositions  were  however  most 
disappointing  (fig.  2)  with  the  material  showing  severe  fatigue  after  only  some  104 
cycles.  A  first  question  which  must  be  answered  Is  whether  the  fatigue  Is  a  surface  or  a 
volume  phenomenon,  does  It  occur  at  the  electrode.ceramlc  interface  or  is  it 
distributed  through  the  volume  of  the  sample.  The  simple  experiment  shown  In  figure 
3  answered  the  question  unequivocally  for  this  Initial  fatigue.  For  the  experiment  a 
square  cross  section  sample  rod  was  cut  from  the  transparent  ceramic,  polished  and 
cleaned  and  sliver  electrodes  applied  to  all  surfaces.  To  separate  the  major  surfaces 
the  edges  were  beveled  leaving  two  orthogonal  electrode  pairs  (1:2  and  3:4  In  fig.  2). 
With  switching  field  applied  between  the  1:2  pair  polarization  was  degraded  following 
the  curve  In  figure  3b.  The  field  was  then  transferred  to  the  3:4  pair,  now  clearly  If 
degradation  Is  a  volume  effect  the  3:4  field  will  be  seeing  already  degraded  material, 
however  figure  3c  shows  that  the  3:4  electrodes  repeat  almost  exactly  the  degradation 
cycle  observed  with  1:2,  as  It  they  were  starting  from  virgin  material.  Clearly  the 
observed  fatigue  Is  a  surface  effect.  Switching  back  to  the  1:2  electrode  pair  the  sample 
is  still  fatigued,  however,  removing  the  electrode  and  re-applying  brings  the  sample 
back  to  the  unfatlgued  virgin  state. 
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Tlie  strong  suspicion  Is  that  the  problem  is  at  the  dielectric,  electrode  Interface. 
Roughening  the  surface  to  promote  adhesion,  polishing  or  even  chemically  etching 
modified  but  did  not  radically  improve  fatigue  (fig.  2).  A  treatment  which  did  however 
eliminate  fatigue  up  to  more  than  108  switching  cycles  is  Illustrated  In  figure  4.  The 
sample  was  cleaned  ultrasoiUcally.  then  etched  in  hot  phosphoric  acid,  rinsed  and 
dried  at  500’C  for  -  1  hour  (fig,  4a).  Etching  with  air  drying  (fig.  4b)  improved  the 
sample  with  respect  to  conventional  surface  preparation  (fig.  4c).  but  the  high 
temperature  heat  treatment  was  essential  to  eliminate  fatigue  (fig.  5). 


Table  1 


Dielectric,  Polarization  and  Strain  Data  for  a  Number  of  Spin  Glass  to 
Ferroelectric  Phase  Switching  Composition  In  the  PLZT  Family  at 
Compositions  Close  to  the  Morphotropic  Phase  Boundary. 


Comp 

r_m 

Ec  (kv/fm) 

Tr  (uc/cm  ) 

«, (to’) 

t./r, 
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99 

i:uoo 
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2  6 

21 
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0  1 
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4f/)U 

3  6 

70 

0  82 

2  3 

0  32 
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t  M 

mm 
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4  7 

2? 

0  76 

19 
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III) 
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3000 
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28  4 

1 

3  1 

0  7 

7/62  5/27  5* 

l«! 

IIHtl 
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5 

27  2 

12 

3  2 

064 

7/ftO/JLO 

172 

17(0) 

3TO 

6  3 

26  3 

1.2 

3  8 

0  4 

7/58/42 

IM 

moo 

2  rm 

II 

7? 

11 

3  2 

0  39 

7/56/44 

190 

17700 

10 

22 

094 

2  3 

0  4 

6/62/28 

m 

19000 

2100 

5 

31 

1.45 

4.1 

G  38 

6/M/M)* 

204 

18UU0 

2UU0 

54 

24.3 

1.35 

4.7 

0.57 

6/58/42 

7  4? 

71 

13? 

3.9 

0  53 

5/M/-W 

230 

I9UUU 

160U 

6  52 

37 

0  71 

4.2 

0  53 

5/4i  y 

6  41 

34 

1  24 

4  5 

0  59 

5/56/44 

8.5 

32  1 

1.6 

5  4 

0  56 

4/57/43* 

7  47 

35  2 

1.26 

30 

06 

4/55/45 

10 

29  5 

l  21 

29 

0  53 

*  MTB  composition*-  if 

Transverse  strain  induced  at  1 5 Ifrr/cm.  i(:  Longitudinal  strain  induced  »1 

15  kv/cm. 

j  Transverse 

remanent 

strain.  Jm 

T  emp 

of  dielectric 

maximum, 

Maiimum 

dielectric  constant.  K„:  | 

Diclcctiic  constant  at  25’C 

Fig.  1  Identification  on  the  PLZT  composition  phase  diagram  of  the 

compositions  with  properties  summarized  in  Table  1.  Dots  on  the  diagram 
Indicate  the  compositions  studied. 


PLZT  7/68/32  CONVENTIONALLY  CLEANING  SURFACE 


Fig.  2  Early  fatigue  data  for  a  hot  pressed  transparent  7/68/32  PLZT  composition 
using  sputtered  gold  electrodes  deposited  upon  polished,  etched  or  ground 
surfaces  after  conventional  cleaning  with  organic  solvents  and  distilled 
water. 
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That  the  degradation  effect  Is  associated  with  a  surface  impedance  Is  suggested  by 
weak  field  dielectric  studies.  Using  an  8.4/65/35  composition  which  has  a  very  high 
dielectric  permittivity  near  90  C  Qiyue  Jiang  has  shown  that  on  thinning  a 
conventionally  prepared  sample  the  effective  peak  permittivity  appears  to  decrease 
figure  6:  Just  the  effect  to  be  expected  If  there  is  a  capacitive  series  impedance.  If 
however  the  electrode  is  applied  Immediately  after  appropriate  heat  treatment,  there 
Is  no  change  hi  apparent  peak  permittivity  down  to  less  than  half  the  thickness  of  the 
conventionally  prepared  sample  (fig.  7). 

A  most  Important  question  concerns  the  possible  role  of  the  high  perfection  of  the 
hot  pressed  transparent  ceramic.  To  test  the  importance  an  almost  idenUcal  7/65/35 
composition  was  prepared  by  conventional  sintering  -97-98%  theoretical  density, 
yielding  the  normal  opaque  ceramic  body.  Switching  studies  compared  to  the  hot 
pressed  body  now  show  degradation  begins  at  104  -  105  cycles  and  is  severe  by  109 
cycles  (fig.  8)  even  though  identical  electrodlng  procedures  were  used.  Studies  have 
shown  that  this  degradation  is  a  volume  phenomenon  and  cannot  be  restored  by 
reelectrodlng. 

For  the  hot  pressed  theoretically  dense  samples  It  may  be  asked  whether  the 
ceramic  grain  size  is  important  In  fatigue.  The  7:68:32  composition  used  for  the  data 
in  figure  4  had  a  grain  size  or  order  3  pmeters.  Heat  treating  the  sample  it  was  possible 
to  grow  the  grains  to  -30  pine  ter.  Again  it  appears  that  severe  fatigue  Is  induced  by  105 
-106  cycles  of  field  (fig.  9). 

That  the  fatigue  behaviour  is  a  complex  overlay  of  several  competing  mechanisms 
is  evident  from  studies  using  8.4:65:35  compositions.  Frequently  with  this 
composition,  even  though  the  Induced  strain  at  saturation  is  less  than  In  the  7:68:32 
composition,  the  ceramic  often  failed  catastrophically  by  cracking  after  only  some 
107 -10®  cycles  (llg.  10). 

(3)  LOW  TEMPERATURE  8TUDIES 

An  interesting  potential  application  for  the  hysteretlc  high  strain  actuator  Is  In 
precise  position  control  for  large  space  based  telescope  mirrors.  For  a  completely 
active  system,  the  power  requirements  for  many  banks  of  position  control  actuators 
could  be  prohibitive.  In  the  phase  switching  actuator,  if  the  composition  Is  properly 
designed  polarization  switching  can  be  very  fast,  so  that  banks  of  actuators  could  be 
serviced  by  a  single  power  supply  which  would  only  be  required  to  update  the  actuator 
against  aging  and  system  drift.  For  such  systems  however  it  would  clearly  be 
necessary  for  the  actuator  to  be  In  inltlmale  contact  with  the  mirror,  whose  surface 
would  probably  be  at  space  ambient  temperature  -100‘K.  l.e.  -  173‘C.  Thus  It  is 
important  to  know  how  polarization  controlled  high  strain  actuators  would  behave 
at  low  temperature. 

In  the  spin-glass  type  switching  systems  it  is  Important  to  explore  the  freezing 
temperature  as  a  function  of  composition.  From  such  studies  which  will  be  reported 
elsewhere  It  was  clear  that  the  9.5/65/35  PLZT  and  pure  lead  magnesium  nlobate 
(PMN)  would  be  adequately  square  hysteretlc.  For  the  PLZT,  polarization  and  strain 
curves  taken  at  -  132'C  are  shown  in  figure  1 1 .  Clearly  strains  up  to  -2  -5. 10‘3  can  be 
retained  remanently  in  this  temperature.  Pure  PMN  at  -140’C  (fig.  12)  has  a  rather 
less  square  hysteresis  loop  and  the  strain  level  Is  now  less  then  2. 10~3. 

In  both  the  PLZT  composition  (fig.  13)  and  the  PMN  (fig.  14)  full  switching  up  to 
107  cycles  only  leads  to  very  small  fatigue.  If  the  actuator  were  used  in  a  static 
deflection  situation  and  only  updating  pulses  were  applied  we  believe  this  level  of 
fatigue  would  be  acceptable  for  practical  situation.  Clearly  if  the  actuator  has  to  be 
continuously  exercised  across  the  full  strain  range  further  Improvement  will  be 
necessary. 


(d) 


Fig.  3  Experimental  configuration  used  to  demonstrate  that  early  fatigue  is  a 

surface  not  a  volume  related  problem. 

(a)  Square  cross  section  sample  of  8.4/65/35  PZT  electroded  on  the 
major  surfaces,  but  with  the  edges  beveled  to  separate  1:2  and  3:4 
electrode  pairs. 

(b)  Modification  of  the  dielectric  hysteresis  and  polarization 
degradation  for  fields  in  the  1:2  direction. 

(c)  Modification  of  hysteresis  and  polarization  with  field  cycling  for 
fields  in  the  3:4  direction.  Note  that  for  3:4  degradation  again  starts 
as  if  for  a  virgin  sample. 

(d)  Returning  field  to  either  1:2  or  3:4  electrode  pairs  after  fatigue  the 
sample  remains  in  the  fatigued  state. 
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Fig.  4  Hysteresis  behaviour  showing  the  effects  of  different  surface  treatments  on 
a  hot  pressed  transparent  7:68:32  PLZT  before  sputter  deposition  of  gold 
electrodes. 

(a)  For  maximum  resistance  to  fatigue  the  treatment  Involves  etching  in 
hot  phosphoric  acid,  rinsing  in  distilled  water  then  heat  treating  to 
500’C  for  one  hour  immediately  before  electrode  deposition. 

(b)  Fatigue  evident  at  2. 107  cycles  after  phosphoric  acid  etch,  rinsing  and 
drying  without  heat  treatment. 

(c)  Severe  fatigue  associated  with  electrodes  applied  to  conventionally 
prepared  PLZT  surfaces. 
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Fig.  7  Weak  field  permittivity  of  a  similar  8  4:65:35  PLZT  composition  with 
etched  heat  treated  surfaces.  Note  that  there  Is  no  evidence  of  a  series 


Impedance  at  the  surface  for  samples  down  to  4 1  pm  thick. 


Fig.  8  Comparison  of  the  fatigue  behaviour  between  hot  pressed  theoretically 
dense  7:68:32  and  a  conventionally  sintered  7/65/35  composition  Curves 
were  taken  using  the  same  electrode  treatments.  Damage  In  the  7/65/35 
compositions  could  not  be  rejuvenated  by  re-electrodtng  and  appeared  a 
volume  phenomenon. 
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1.0 


(a) 


Fig.  9  Effects  of  ceramic  grain  size  on  fatigue  (a)  7/68/32  PZT  with  grain  size  -3 
pmeters;  (b)  7/68/32  PZT  grain  grown  to  size  ~30  (imeters. 


HOT  PRESSED  PLZT 


Fig.  10  Fatigue  in  a  7/68/32  composition  as  compared  to  that  in  an  8  4/65/35 
composition.  Note  that  the  804/65/35  undergoes  lower  strain  excursions 
than  the  7/68/32  composition,  but  thouth  it  has  similar  grain  size  and  the 
same  electrode  treatment  it  fails  catastrophically  by  cracking  after  only 
106  cycles. 
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(4)  SUMMARY  AND  CONCLUSIONS 

For  high  strain  phase  switching  actuators  based  upon  spin  glass  like 
compositions  In  the  PLZT  family  It  has  been  shown  that  the  fatigue  effects  which 
limit  the  number  of  useful  strain  switching  cycles  Involve  a  number  of  phenomena. 

For  hot  pressed  theoretically  dense  optically  transparent  ceramics,  the  electrode 
structure  has  been  shown  to  be  critical  If  premature  fatigue  is  to  be  avoided.  For 
sputtered  gold  electrodes,  etching  In  phosphoric  acid  followed  by  a  high  temperature 
heat  treatment  immediately  before  electrode  application  was  shown  to  yield  fatigue 
free  performance  up  to  1CP  cycles.  Conventional  ceramics  of  ~97-98%  theoretical 
density  made  by  conventional  sintering  could  not  be  made  fatigue  free.  The  grain  size 
and  the  composition  of  the  ceramic  were  also  shown  to  play  a  major  role  in 
determining  the  lifetime.  In  general  finer  grain  ceramics  as  expected  had  longer 
fatigue  lifetimes,  however  composition  is  a  more  sophisticated  variable  and  failure 
does  not  appear  to  be  directly  keyed  to  strain  performance. 

Initial  low  temperature  studies  have  shown  that  hysteretic  (dlal-a-dlsplacement) 
actuators  can  be  developed  to  work  at  temperatures  140’C.  Fatigue  at  107  cycles  Is 
quite  small  and  for  simple  updating  to  maintain  a  near  constant  static  displacement 
present  materials  will  be  quite  adequate. 

In  many  high  strain  applications  it  will  be  necessary  to  use  multilayer  systems 
with  cofired  electrodes  so  as  to  achieve  adequate  displacements  at  low  terminal 
voltages.  It  will  be  important  to  repeat  these  types  of  fatigue  studies  for  system  with 
coflred  internal  electrodes. 


Fig.  11  Low  temperature  polarization  and  strain  cycles  in  a  9  5/65/35  PLZT. 
Frequency  10  Hz,  Temperature  -  132'C,  Cycling  field  30  KV/cm. 


Fig.  12  Low  temperature  polarization  and  strain  curves  In  pure  Lead  magnesium 
nlobate  (PMN). 


Fig.  13  Fatigue  In  the  9  5/65/35  PLZT  under  high  field  cycling  under  a  frequency 
of  160Hzat-140'C. 
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Fig.  14  Fatigue  in  pure  PMN  under  high  cyclic  field  of  100  Hz  applied  at  -140'C. 
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I- LHC. ’I  RIG  FATIGUE  INITIATED  HY  SURFACE  CON  I  AMINA!  ION  IN  HIGH 
POFARIZA  I  ION  CERAMICS 
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A  US  I  R  AC  I 

Recently  electric  fatigue  phenomenon  in  Inglt  polai  iz.moii  ceramics 
has  atliacled  moie  and  iniwe  alkntinn  Ivcnisc  of  flic  development  of 
high  strain  actuators  and  lerroelccn ic  memory  devices  We  report  a 
Study  oil  fatigue  l*ehas  mis  of  hot  piesscil  I  ’I  /  I  \c  iih  c  oinpositton 
7/6R/52  under  dillererit  siu  face*  conthiions  It  is  Itumd  thai  the  fatigue 
occulted  til  a  less  thousand  ol  c  sc  ics  is  mainly  c  ansed  In 
contaniinatcd  suiface  instead  c'l  imtmsic  siiuc tine  deteittuation  lor 
the  same  gold  elccltotles,  samples  uuh  i  omi  niionally  cleaned  suiface 
showed  significant  fatigue  within  It  A  suite  lung  cycles  ss  Inlc  samples 
with  surfaces  cleaned  l>v  an  nnpioscd  ptiiceduie  did  not  fatigue  even 
after  HI*  switching  cycles  The  mechanism  ol  fatigue  intiiHluced  t>v 
surface  contamination  is  explained  hy  nin-ilacc  dcgiadatton  I'd  ween 
ceramic  and  electrode 

INTKODUCI  ION 

Many  applications  of  high  pol.ui/aiion  cciamics.  such  as  high 
Strain  actuators  and  fciroelectnc  nicmoiy  dec  ic  es,  imolce  icpeatcd 
reversals  of  the  |xilnrizulinii  f  )ne  cittical  hinitaiioii  c *ri  the 
perfonnanees  of  these  devices  is  the  laiigue  assoc  iated  with  lepcated 
electrical  cycling 

In  19?!,  McOtianie  * 1 1 1 ii si  repoited  the  tunc  dependence  of  the 
P-H  hysteresis  loop  in  a  Ha  l  if  >t  ceianm  I  le  lotind  that  alter  several 
weeks  of  switching  at  W  1 1/,  the  s<|n:ur  shaped  hystciesis  loop  was 
changed  to  a  distinct  ptopellcr  shape  uuh  some  oln  tons  decrease  in 
Ixitli  the  maximum  polarization  and  the  icmnanl  polaii/aiion  Met? 
and  Anderson  I2*  studied  fatigue  Miaxtor  in  a  single  RaTiOt  crystal, 
a  gradual  reduction  of  polari7ation  alter  a  few  million  sw  itching  cycles 
was  observed  and  the  fatigue  liehavior  was  related  to  the  patterns  of 
the  electric  Held  (sine  wave  or  pulse  limn  wave)  The  ambient 
atmosphere  was  also  tc|mrted  to  affect  on  the  switching  stability  of 
DaTiOf  single  crystal  Ul  a  iuoic  detailed  study  of  fatigue  was  carried 
out  by  Stewart  and  Cosenlino  on  1  a  oi  Hi  doped  IV,  I  cciamics  Df 
they  showed  that  the  polatizatton  dccieascd  tapidly  and  was  reduced 
to  half  of  its  oiiginal  value  alter  Vs  10'’  su  itching  c  ycles  I  hey 
concluded  that  the  patterns  ol  clectnc  Held,  the  types  of  electrodes, 
and  the  ambient  conditions  had  no  significant  ellccls  on  the  fatigue 
behavior  Praser  and  Maldonado  Ul  also  studied  the  same  l  a  clciped 
P7T  ceramics  and  tepoited  significant  diet  is  of  the  electrodes  They 
fnuml  that  when  indium  was  used  as  elecliode  matci  lal  instead  of  gold 
or  silver,  there  was  still  85C<-  of  the  oiiginal  leitinaul  polarization  left 
after  l(r  switching  cycles,  hut  fatigue  oc c  imeil  much  faster  when 
using  lead,  aluminum,  gallium,  silver  and  gold  as  eleettode  material. 
Call  ff’l  observed  significant  tlegtadation  in  the  I  a  or  Mu  doped 
PbTiOt  ceramics,  after  only  a  few  thousand  sw  itching  cycles  the 
polarization  dropped  to  Mtr,e  of  its  original  value  together  with  some 
increase  of  the  coercive  field,  and  some  ctacks  weie  also  observed  on 
the  surfaces  of  the  samples  tinder  SF.M 

Despite  the  fact  that  the  fatigue  effect  is  the  mayor  facor  which 
prevents  some  potential  applications  of  Ictioelcc  tries,  only  a  limited 
nutnlier  of  papers  have  Iteen  published  on  this  subject  lit  addition, 
these  published  results  by  dilfetent  investigatois  ate  often  in 
contradiction,  and  there  arc  no  satishictoiy  explanations  for  these 
discrepancies  Therefore  a  systematic  study  on  this  subject  is  needed 
in  order  to  understand  the  origin  and  mci  hainsin  of  fatigue  behavior 
We  report  here  the  Hist  pan  of  an  extensive  study  of  the  fatigue 
behavior  on  I  a  doped  lead  zitconate  litanatetPI  7  I  t  ceramic  system 
I  he  teason  for  choosing  PI  7.1  cciamu  system  is  because  its 
relatively  low  coctcivc  lidd.  laigc  pohm/aiiou  and  stpiare  shajicd 
hysteresis  loop  Motcovet,  hot  piesscil  PI .71  cciamics  ate 
transparent,  thcrcfoic  have  potential  applications  in  non -volatile 
memory,  electio  optical,  and  elctiostiK  live  devices  In  this  paper,  the 
focus  will  be  on  the  elfecl  of  surface  lontaminanon  on  the  fatigue 
behavior.  We  believe  that  diflercnt  smlacc  conditions  was  one  of  the 
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main  reasons  for  the  inconsistencies  of  those  repotted  experimental 
results. 

EXPERIMENT  PROCEDUMi 

laittlhanuni  doped  lead  zirconate  titanale  ceramic  specimens 
wetc  (ahrtcatcrl  from  mixed  oxides  h>  hot  pressing  technitpie  T  he 
composition  usetl  in  this  study  is  f’lxi <)tLao.o7(Z*nfiRl  Hi 32>o  wsOt 
Conventionally,  this  formula  is  simplified  to  a  fomt  7/G8/T2  according 
to  the  mole  ratio  of  l-a/Zr/Ti  T  he  average  grain  size  is  alxim  Spin  At 
room  temperature  7/68/32  is  in  iliomlxiliedtal  phase  Samples  were 
first  cut  into  platelets  with  the  areas  of  alxiui  It)  mm2  and  thicknesses 
in  the  range  of  ISO  ,MX)(tm.  then  annealed  at  MXI°C  lor  1  hour  to 
release  the  mechanical  stress  generated  during  cutting  and  grinding 
processes. 

In  conventional  cleaning  procedure,  organic  solvents  (alcohol  or 
acetone)  weie  used  to  rinse  the  samples  and  then  the  samples  wete 
dried  in  air  at  room  temperature  An  improved  cleaning  methcxJ  used 
in  our  experiments  is  described  as  follows,  first  the  samples  are 
cleaned  by  conventional  procedure,  then  they  are  fuitlict  cleaned 
ullrasonically  in  solvent,  and  finally  the  samples  are  healed  in  a 
furnace  for  I  hour  at  500  600°C.  Gold  electrodes  were  sputtered  onto 
the  sample  surfaces. 

The  properties  studied  heie  arc  the  remnant  polarization  P(,  the 
maximum  |xilarization  Pm,  coctcive  field  ly,  and  the  dielectric 
constant  in  depolcd  state.  High  voltage  sine  w  ave  AC  field  was  used 
to  switch  the  polarization,  and  the  hysteresis  Itxips  were  measured 
though  a  conventional  Sawyer-Tower  circuit  and  a  Nicolet  214  digital 
oscilloscope. 

RESULTS  AND  DISCUSSION 
fatigue  in  I’LZT  Specimens  Cleaned  bv  Convcniiuihll  I’l  wedute 

Fig.l  shows  a  typical  result  obtained  at  10  Hz  from  a  spccunen 
cleaned  by  conventional  procedure.  One  can  see  that  the  fatigue 
started  at  about  It)5  switching  cycles,  and  ptoceeded  very  rapidly 
between  10?  l(j6  cycles.  The  polarization  P,  dropped  to  a  value 
below  !()%  of  the  initial  values  after  ll/’  switching  cycles  The 
changes  of  the  saturated  polarization  which  was  not  show  here  have 
similar  behavior  as  that  of  the  remnant  jioljrization  Pr.  Fig  2(a)  and 
2(b)  are  typical  hysteresis  loops  liefore  and  after  the  fatigue  test  The 
coercive  field  E*  also  increased  with  switching  cycles.  We  found  that 
the  polarization  decrease  is  always  accompanied  by  the  increase  of  die 
coercive  field  Ec,  which  is  consistent  with  the  results  obtained  by 
other  researchers  HIDIPI  Measurements  made  at  the  frequencies  of 
1(X)  Hz  and  200  Hz  did  not  show  apparent  difference 

Fatigue  in  PLZT  Specimens  Cleaned  bv  Improved  Pioccdurc 

Fig  !  shows  the  changes  of  the  polarization  and  coercive  field 
with  switching  cycles  for  samples  cleaned  by  improved  procedure. 
The  experiment  was  carried  out  at  a  frequency  of  l(X)  Hz.  No  fatigue 
was  observed  even  after  10**  switching  cycles.  We  can  see  this  more 
clearly  from  the  two  hysteresis  loops  in  Fig  4,  which  were  recorded 
at  l()'  and  2x  1 0s  switching  cycles,  respectively  We  can  conclude 
from  these  experimental  results  that  the  fatigue  shown  in  Fig  I  is 
purely  extrinsic,  i.e.,  caused  by  ditty  surfaces  The  actual  lifetime  of 
PI  .7.1  7/68/52  ceramics  with  aveiagc  grain  size  5  gnn  is  much  longer 
than  that  shown  in  Fig.l  for  improperly  cleaned  samples,  the 
organic  contaminants  are  trapped  at  the  ceramic  -elecliode  interfaces 
During  switching,  a  large  electric  ficld(  1 5  40  kv/cm)  was 
continuously  applied  on  the  sample,  the  trapped  contaminates  w  ill 
cause  large  field  concentrations  resulting  a  failure  of  the  clcitrodc 
bonding. 
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Fig.  1  The  changes  of  the  normalized  remnant 
polarization  Pr  and  coercive  field  Ec  with 
switching  cycles  for  a  conventionally  cleaned 
PLZT  7/68/02  specimen. 
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Fig  3  Tlie  normalized  polarization  and  coercive 

field  as  functions  of  the  switching  cycles  for  a 
specimen  cleaned  by  the  unproved  procedure. 


Fig.2  Typical  hysteresis  loops  at  I03  (a)  and  3X106  (b) 

switching  cycles  for  a  conventionally  cleaned  PLZT 
7/68/32  sample  at  a  frequency  of  10  Hz. 
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Fig  4  Typical  hysteresis  loops  of  a  sample  cleaned  by 
improved  procedure  at  a  frequency  of  100  Hz  (a) 
at  l(P  switching  cycles,  and  (h)  at  2*  Id*  cycles 


Although  these  experimental  results  may  not  be  used  ns  a  proof 
to  discredit  the  validity  of  other  previous  explanations  on  fatigue  in 
terms  of  internal  domain  behavior,  we  can  at  least  conclude  that  the 
fatigue  in  fine  grain  hot  pressed  PLZT  7/68/32  is  caused  by  the 
improper  ceramic -electrode  interface,  may  be  eliminated  through  an 
improved  cleaning  procedure  descrilied  above.  This  finding  is 
encouraging  for  many  prospective  applications  of  ferroelectrics 

Fatigue  Orieinaicd  from  Surface  Comitnii  nation 

A.  Deterioration  of  CeratnicJilectrotle  Interface  tindcLlimii-AC 

field 

In  fatigue  experiments  the  possible  sources  of  contaminants  are: 
abrasive  residue  from  grinding  process;  residue  of  solvents!  water, 
alcohol  or  acetone);  water  in  the  air;  residue  of  the  bonding  glue  from 
cutting  process;  skin  grease  from  finger  touch.  Without  further 
cleaning  these  contaminants  are  left  on  the  surfaces  of  specimens,  and 
being  sandwiched  between  the  sample  surface  and  the  electrode, 
producing  a  poor  interface  contact.  The  effects  of  solvents  and  skin 
grease  were  further  examined  in  the  following  experiments.  First,  the 
samples  were  etched  by  I  lyPOa  acid  to  remove  the  abrasive  residues 
and  skin  grease,  then  the  following  surface  treatments  were  given  to 
three  different  samples: 

a)  sample  I  was  washed  by  water  and  acetone,  then  rubbed  both 
surfaces  by  fingers; 

b)  sample  2  was  washed  by  water  and  acetone,  then  let  it  dry  in 
the  air, 

c)  sample  3  was  washed  by  water  and  acetone,  then  heat  treated 
in  a  furnace  at  500  nC  for  <  hour  (free  from  contamination). 

Fig.5  shows  the  results-  from  the  fatigue  tests  on  these  samples 
using  a  100  Hz  sine  wave  AC  field  The  remnant  polarization  of 
sample  3  did  not  decrease  at  all  after  lO*  switching  cycles,  only  l-.t 
increased  slightly.  The  Pr  of  sample  2  fatigued  to  85%  of  us  initial 


value  after  10s  switching  cycles  and  l:t  increased  about  18%  Sample 
I  was  the  worst  among  the  three  samples,  its  l’f  reduced  to  30%  of 
the  initial  value,  and  lit  increased  509)  alter  only  2x10*’ cycles  Since 
the  three  samples  only  differ  in  sin  face  uvaiuients,  these  discrepancies 
in  fatigue  results  can  only  be  explained  in  terms  of  the  dilfeient  degree 
of  surface  contamination 

Although  the  experiments  clearly  indicate  that  the  fatigue  is 
initialized  at  the  interlace  between  the  surface  and  electrode  The 
reactions  of  organic  contaminants  under  high  AC  field  ai  the  imerface 
are  very  complicated.  A  few-  possible  explanations  for  what  might 
have  happened  at  the  interface  are  I )  electrochemical  reaction, 
such  as  ionization  of  contaminants,  reduction  ol  the  chemical 
composition  near  die  sample  mu  lace;  2)  corona,  high  voltage  can 
ionize  water  and  organics,  causing  partial  discharge  which  leads  to  a 
time  related  continuous  degradation  of  the  dielectric  property;  3) 
contact  deterioration  effect,  residue  of  solvents  and  skin  grease 
prohibit  a  direct  contact  of  the  metal  electrode  w  till  the  sample  surface, 
resulting  a  poor  contact  When  a  pixir  contact  occurs,  a  large  field  is 
applied  to  the  contaminant  layer  winch  has  much  smaller  dielectric 
constant  than  the  sample,  causing  elcciuxhcinicai  reaction,  resulting 
in  a  partial  failure  of  the  contact 

The  eleclrixle  silt  I  ace  ol  a  I  aligned  sample  (which  was  cleaned 
by  conventional  method)  was  examined  iindet  SIM,  and  many 
regions  were  found  whcie  the  clcctiodc  has  lx.cn  sepaiuted  Iroin  the 
ceramic  as  shown  in  l  ig  (>  We  believe  liom  otir  experimental 
observations  that  the  explanation  3)  alrove  may  l>e  tlie  most 
appropriate  one, 

B.  The  nature  of  the  fatigue  t>v  suilace  contamination 

In  order  to  find  the  nature  and  degice  of  damage  produced 
during  fatigue,  different  heat  treatments  were  goen  to  n  fatigued 
sample.  T  able  I  listed  the  remnant  polarization  l\  and  the  coercive 
field  1^  measured  alter  the  I  aligned  sample  w  ent  through  a  heat 
treatment  at  300  °C  for  3  hours  Only  paiiNil  tccovcry  ol  P,  was 


108 


SWITCHING  CYCLES 

Fig.5  The  normalized  remnant  polarization  (a)  and  coercive  Held  (b) 
as  functions  of  switching  cycles. Sample  I  was  contaminated 
by  solvent  and  skin  grease;  sample  2  was  contaminated  by 
solvent;  sample  3  was  cleaned  by  the  improved  procedure. 


Table  4. 1  Comparison  of  the  remnant  polarization  (P,)  and  the 
coercive  Held  (Ec)  for  a  PLZT  7/68/32  sample 
under  different  treatments 


l'f  (pc/cm2) 


it  (kv/cm) 


$  -:i 

'  *  '  *  »  i\* 


Before  fatigue 
After  fatigue 
After  300°C  heating 
After  600  "Cheating 
After  removal  of  30utn 


achieved  and  Ec  became  even  larger.  The  sample  then  experienced 
further  heat  treatment  at  600  "C  for  1  hour,  further  improvements 
were  observed  as  shown  in  Table  1 .  However,  the  P,  and  Ec  Mill 
could  not  recover  to  their  initial  values,  which  means  that  part  of  the 
damage  in  the  fatigued  sample  is  permanent.  In  order  to  investigate 
the  depth  of  the  damage  from  surface  initiated  fatigue,  the  sample  was 
then  ground  off  a  IS  pnt  thick  layer  from  each  surface  and  re- 
electroded.  The  measured  results  (table  I)  show  no  further 
improvement,  which  indicates  that  the  damage  has  propagated  to  the 
interior  of  the  sample. 

Previously,  fatigue  in  ferroclectrics  was  explained  as  due  to  the 
stabilization  of  domain  walls  HIHIMOI  Fatigue  caused  by  domain 
pinning  usually  can  be  recovered  by  heating  the  samples  to 
paraelectric  phase!4 IH0|  |n  our  experiments,  total  recovery  did  not 
occur  even  after  the  fatigued  sample  has  been  heated  to  as  high  as  600 
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Fig. 6  SEM  photograph  taken  from  the  electroded 
surface  of  a  fatigued  sample. 


°C  which  is  470  °C  higher  than  the  dielectric  maximum  temperature. 
Therefore,  the  fatigue  we  have  observed  could  not  be  due  to  the 
domain  wall  pinning,  instead,  we  believe  that  the  intergranular 
microcracking  is  responsible  for  the  noil-recoverable  fatigue  initiated 
by  surface  contamination.  Scanning  Electron  Microscopy  was 
performed  on  a  fatigued  samplc(Ftg  7  a)  and  non-fatigued 
sampled'ig  7  b)  with  ground  surfaces.  The  samples  were  etched 
using  H3TO4  acid  to  remove  gold  electrodes  On  the  micrographs  in 
Fig. 7,  we  can  see  some  of  the  grinding  damages  and  etch-pits  for  the 
non-fatigtied  sample,  while  for  the  fatigued  sample  we  see  a  lot  of 
grains  without  grinding  damages  imd  etch-pits.  This  means  that  a 
whole  layer  over  these  grains  was  pulled  out  during  etching,  which 
indicates  that  the  bonding  between  grains  was  weakened  during 
fatigue  lest.  In  addition,  some  cracks  around  grain  boundaries  are 
clearly  visible,  but  no  large  cracks  were  observed  either  on  the 
surfaces  or  on  the  cross  section  of  the  lattgued  sample 

Fig, 8  is  an  optical  micrograph  which  was  taken  from  a  fatigued 
sample  after  the  electrode  being  carefully  removed.  Many  regions  in 
the  original  transparent  sample  become  opaque,  which  indicates  that 
the  nonuniform  damage  in  the  fatigued  sample.  This  non-uniform 
damage  is  due  to  the  partial  failure  of  the  electrode  caused  by  the 
trapped  contaminates. 


A  systematic  study  has  lieen  carried  out  on  the  influence  of 
surface  conditions  on  the  fatigue  behavior  of  hot  pressed  PLZT 
7/68/32  ceramics  with  an  average  grain  size  of  Spin.  It  is  found  that 
the  observed  fatigue  which  occurred  within  I05  switching  cycles  is 
actually  caused  by  surface  contamination.  7 hese  surface  contaminates 
cause  deterioration  of  the  contact  between  the  ferroelectric  ceramic  and 
the  electrode,  resulting  an  inhomogeneous  Held  distribution  in  the 
specimen.  Microcrackings  arc  generated  at  the  grain  boundaries  due  to 
high  electric  Field  concentration.  As  a  result,  the  applied  field  then  will 
be  concentrated  across  those  cracks  parallel  to  the  electrode,  which 
effectively  raise  the  coercive  field  and  lower  the  polarization  The 
conventional  cleaning  method  is  proved  10  be  inappropriate  Tor 
specimens  used  under  high  AC  field  This  surface  contamination 
initiated  fatigue  can  be  eliminated  though  an  improved  surface 
cleaning  procedure.  Our  results  show  that  the  ferroelectric  properties 
of  PLZT  7/68/32,  such  as  the  polarization  and  the  coercive  field,  can 
be  preserved  for  more  than  10**  switching  cycles  if  the  surface 
contaminates  are  removed. 

Contrary  to  some  reported  results  I4 H  *6)1 .  We  found  that  part  of 
the  fatigue  damages  are  permanent  and  are  throughout  the  entire 
sample.  The  fatigued  properties  i  e.,  the  reduced  polarization  and  the 
increased  coercive  field  can  be  partially  recovered  though  heat 
treatment,  however,  a  complete  recovery  is  not  possible. 

It  should  be  pointed  out  that  the  results  obtained  here  are 
applicable  only  for  small  grain  ceramics,  the  fatigue  mechanism  in 
large  grain  systems  is  different  I"'. 
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Fig.7  SEM  photograph  taken  from  a  non-fatigued  sample 
(a)  and  fatigued  sample  (b)  after  chemical  etching. 
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Fig. 8  Transmission  optical  micrograph  taken  from 
a  fatigued  sample. 


APPENDIX  3 


Theoretical  study  on  the  static  performance  of  piezoelectric  ceramic- 
polymer  composites  with  1-3  connectivity 

Wenwu  Cao,  Q.  M.  Zhang,  and  L.  E.  Cross 

Materials  Research  Laboratory,  The  Pennsylvania  Slate  University,  University  Park,  Pennsylvania  16902 
(Received  6  July  1992;  accepted  for  publication  2  September  1992) 

Inhomogeneous  displacement  profiles  have  been  derived  for  a  single-rod  composite  and  a 
single-tube  1-3  ceramic-polymer  composite  under  both  uniaxial  and  hydrostatic  stress.  The 
effective  piezoelectric  constants  for  the  composites  have  been  derived  in  terms  of  the  ceramic 
content,  the  piezoelectric  and  elastic  constants  of  each  component,  and  the  aspect  ratio  of  the 
ceramic  rod.  The  stress  concentration  inside  both  phases  is  derived  from  the  calculated 
inhomogeneous  displacement  profiles.  It  is  found  that  only  a  finite  portion  of  the  polymer  in  the 
vicinity  of  the  ceramic-polymer  interface  actually  contributes  to  the  stress  transfer,  and  the 
induced  additional  stress  on  the  ceramic  also  has  a  higher  magnitude  near  the  interface.  The 
theoretical  results  quantitatively  predict  the  performance  of  a  given  1-3  structure,  and  can  be 
used  to  optimize  the  design  parameters,  such  as  ceramic  content,  aspect  ratio  of  th:  ceramic 
rods,  rod  geometry  and  rod  arrangement,  resin  hardness,  etc.,  for  1-3  structures  designed  for 
specific  purposes. 


I.  INTRODUCTION 

With  the  increasing  application  of  piezoelectric  com¬ 
posite  structures,  quantitative  description  of  their  physical 
properties  has  become  a  necessity  for  proper  structural  de¬ 
sign.  The  most  frequently  encountered  piezocomposites  are 
2-2-  and  1 -3-type  ceramic-polymer  composites.  The  names 
of  these  composites  are  defined  according  to  their  connec¬ 
tivities.1  In  the  past,  theoretical  studies  on  this  subject  have 
been  limited  to  the  isostrain  models.2-4  Although  the  iso¬ 
strain  models  can  provide  some  general  guidelines,  their 
theoretical  predictions  are  often  larger  than  the  experimen¬ 
tal  values.5  In  addition,  the  effect  of  the  aspect  ratio,  which 
is  proven  experimentally  to  be  a  critical  parameter  in  the 
1-3  composite  structure,  is  not  included  in  the  isostrain 
models.  After  analyzing  the  essential  characteristics  of  the 
problem  we  have  presented  in  a  previous  paper  a  theoret¬ 
ical  model  for  the  2-2  composites.6  This  model  can  quan¬ 
titatively  describe  the  effective  piezoelectric  properties  of 
the  2-2-type  composites.  In  this  paper  we  extend  the  model 
to  address  the  1 -3-type  composites  which  are  more  attrac¬ 
tive  and  have  much  wider  applications  than  the  2-2  struc¬ 
tures  from  a  practical  point  of  view. 

The  fundamental  physics  in  the  1-3  composites  is  the 
same  as  that  in  the  2-2-type  composites.  We  expect  the 
displacement  profile  in  a  1-3  composite  to  be  inhomoge¬ 
neous  under  a  prescribed  stress  field  or  an  electric  field 
because  the  two  components  have  different  elastic  and 
piezoelectric  properties.  The  difference  between  the  2-2 
and  1-3  problems  is  the  dimensionality,  i.e..  one¬ 
dimensional  for  the  2-2  type  and  two  dimensional  for  the 
1-3  type.  Besides  the  dimensionality  difference,  there  are 
two  more  complications  in  the  I -3-type  composites:  one  is 
the  geometry  of  the  cross  section  of  the  ceramic  rod,  which 
is  commonly  chosen  to  be  square  or  circular  due  to  man¬ 
ufacturing  convenience;  the  other  is  the  rod  arrangement  in 


the  composite,  which  usually  is  made  into  square  or  trian¬ 
gular  configurations.  Because  the  rod  geometry  and  the  rod 
arrangement  define  the  boundary  conditions  for  the  prob¬ 
lem,  each  case  must  be  treated  separately.  Here  we  only 
solve  two  simple  cases  for  which  analytic  solutions  exist; 
using  these  two  examples  we  wish  to  derive  the  essential 
features  of  the  1-3  structure  and  demonstrate  the  general 
procedure  for  dealing  with  the  1-3  composites.  Solutions 
for  an  arbitrary  rod  geometry  and  rod  arrangement  may  be 
calculated  numerically. 

The  two  cases  to  be  treated  are  composites  made  of  a 
single  cylindrical  ceramic  rod  and  a  single  ceramic  cylinder 
with  a  polymer  matrix  of  finite  dimension  as  shown  in  Figs. 
1  and  2,  respectively.  One  can  think  of  them  as  the  "unit 
cells"  of  a  1-3  composite.  For  simplicity,  the  outer  bound¬ 
ary  of  the  composite  is  also  defined  to  be  circular.  Obvi¬ 
ously,  such  a  unit  cell  cannot  be  used  to  fill  the  whole 
space.  However,  it  is  a  reasonable  approximation  to  the 
composite  with  triangularly  arranged  ceramic  rods  (for 
which  the  unit  cell  has  hexagonal  symmetry)  and.  as  will 
be  proven  later,  at  low  ceramic  content  the  results  for  the 
single-rod  composite  can  even  be  used  for  composites  with 
other  rod  arrangements. 


II.  DISPLACEMENT  PROFILE  IN  A  SINGLE-ROD 
COMPOSITE  UNDER  UNIAXIAL  AND  HYDROSTATIC 
STRESSES 

The  basic  idea  for  constructing  the  static  equilibrium 
condition  is  to  single  out  the  effective  component  of  the 
displacement  field.  For  the  single-rod  (tube)  system  as 
shown  in  Fig.  1  (Fig.  2),  we  choose  a  cylindrical  coordi¬ 
nate  system  (/\«M)  with  lhc  2  and  r  d»«ct'°ns  •long  the 
axis  of  the  ceramic  rod  (tube)  and  the  radial  direction, 
respectively,  and  <f>  as  the  angular  variable.  When  the  ce- 


j  Appl  Phys  72  (12),  15  December  1992  0021-8979/92/245814-08S04.00  ©  1992  American  Institute  of  Physics 


POLYMER 


FIG  I  A  single  ceramic  rod  composite  of  length  I.  The  radius  of  the 
composite  is  R  and  a  is  the  radius  of  the  cetamic  rod 


ramie  rods  are  poled  in  the  axial  direction  (the  z  direction 
in  our  calculations},  the  stress  transfer  in  the  1-3  structure 
only  enhances  the  piezoelectric  response  of  the  ceramic 
rods  in  the  z  direction.  Therefore,  to  a  good  approximation, 
we  only  need  to  derive  the  z  component  of  the  displace¬ 
ment  field.  Following  the  procedure  described  in  Ref.  6,  we 
use  the  ansatz  u{r,z)  =  (2z/l)u(r,l/2),  for  the  z  component 
of  the  displacement  field;  then,  under  a  uniaxial  stress  Ts 
the  static  equilibrium  condition  for  the  polymer  and  ce¬ 
ramic  phases  can  be  written  in  the  following  form  in  a 
cylindrical  coordinate  system: 

Hpl  (d*u(r,l/ 2)  I  du(r,l/2)  1  d2u( rJ/2 )  \ 

4  \  dP  ^  r  dr  dp  ) 

2YP 

=—u(r,l/2)-T},  r>a,  (I  a) 

C44/  (d*v(r,l/2)  I  dv(r,l/2)  \  d2v{r,l/2)\ 

4  (  dr2  ^ r  dr  dip  j 

2 

=— u(r,//2)-r3,  r<o,  (lb) 

/jjj 

where  u(r,!/2)  and  v(r,l/2)  are  the  z  components  of  the 
displacement  for  the  polymer  and  the  ceramic,  respec¬ 
tively,  at  the  top  surface  of  the  composite.  pp  and  Y*  denote 
the  shear  and  Young’s  moduli  of  the  polymer  phase,  and 


FIO  2  A  single  ceramic  tube  composite  of  length  I  The  radius  of  the 
composite  is  Rt  while  a,  and  aj  are  the  inner  and  outer  radii  of  the 
ceramic  tube. 


C44  and  i3j  are  the  shear  elastic  stiffness  and  the  normal 
elastic  compliance  of  the  ceramic,  respectively. 

Considering  the  composite  shown  in  Fig.  1,  the  solu¬ 
tion  must  be  independent  of  ^  because  of  the  symmetry, 
which  means  that  the  second  derivative  with  respect  to  4> 
vanishes.  By  making  the  following  substitution 

u  =  u(r,l/2)  —  (lTi/2Yp),  (2a) 

P  =  '/£'.  fp=(//2)^/2P,  (2b) 

Eq.  (la)  can  be  recast  to  the  following  zeroth-order  Bessel 
equation  of  imaginary  argument: 

d}u  du 

Pd?+Pty-pU=0  (3> 

Standard  solutions  exist  for  Eq.  (3)  so  that  the  surface 
displacement  of  the  polymer  phase,  u(r,l/2),  can  be  ob¬ 
tained  using  Eqs.  (2a)  and  (2b), 

w(r*  2)=/<*0(p)  +BI°{fp)+2Yp  T}  (r><,) 

(4) 

where  A'0(p )  and  /0(p)  are  the  zeroth-order  modified 
Bessel  functions,  and  A  and  B  are  the  constants  of  integra¬ 
tion. 

Similarly  we  can  obtain  the  surface  displacement  pro¬ 
file  for  the  ceramic  rod  by  solving  Eq.  (lb)  using  the  same 
technique, 

u(r,//2)  =  C/0(r/r)  +  (//2)iJ,rJ  (r<a),  (5) 

where  t?  =  1/2  Js}Jctt/2.  Note  that  in  Eq.  ( 5)  we  have  used 
the  boundary  condition  that  v(r,//2)  is  finite  at  r=0,  so 
that  only  one  integration  constant  C  remains. 

In  order  to  determine  the  integration  constants  in  the 
solutions  Eqs.  (4)  and  (5),  three  boundary  conditions  are 
needed.  The  first  one  can  be  obtained  from  the  nonslip 
interface  condition  at  r=a,  viz. 


u{a,l/2)=v(a,l/2).  (6) 

The  second  one  is  the  free-boundary  condition  at  r=R  for 
the  polymer  phase, 


du(r,l/  2) 
dr 


=  0 


(7) 


[the  derivative  of  u(r,z)  along  the  direction  normal  to  the 
unit-cell  boundary  must  always  vanish  in  the  composite 
structure  due  to  symmetry).  For  the  single-rod  composite 
in  Fig.  1  we  can  use  Newton’s  third  law  to  derive  the  other 
condition  needed  to  determine  the  constants  as  described 


TABLE  I  Elastic,  piezoelectric,  and  dielectric  constant*  of  PZT5H*  and 
epoxy*  used  in  our  calculations  f„  is  the  dielectric  constant  of  vacuum. 

PZT5H:  j, )  =  0.0208  (10  ’  m’/N).  r„  =  200  (10*  N/m1).  o'=0  3l, 
d„  =  593  (10  11  C/N).  </„  =  —  274  <  10- •'  C/N).  er=J*00e0 
Epoxy:  K»=3  I  <10*  N/m'l.  #t'=!  (10' NAn’l, 

<7=0  35.  e'=3  5f„ 


■See  Ref  7 
‘See  Ref  8 
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in  Ref.  6,  but  for  later  convenience,  we  use  the  following 
equivalent  but  more  general  boundary  condition. 


du(r,l/  2)  | 


dv(r,l/l)\ 


Equation  (8)  states  that  the  shear  stress  is  a  continuous 
function  of  r  across  the  interface  in  the  nonshp  interface 
composite  structures. 

Now  the  three  integration  constants  A,  B,  and  Ccan  be 
determined  from  Eqs,  (6),  (7),  and  (8);  they  are 


_ -VSDfiipDrMU/r'-srfri _ 

/(ri33Mp/c<M)io(p:)[/.(^)A.')(pS)-/)(^)A'I(p5())+/1(^)[/1(^)A'o(p2)+/:1(^)/o(^)]  ’ 

_ _ _ {in)K[(pPR)Ii(p<a){\/Y<’-s»)T% _ 


where 


pP—a/%/>,  ri=R/?,  p'=a /?, 

and  A"0{p),  l0(p),  K\ (p),  and  / ,(p )  are  the  zeroth-  and  first-order  modified  Bessel  functions. 

Because  of  the  coupling  between  the  two  components  at  the  interface  in  the  1-3  structure,  the  total  effective  stress  on 
the  ceramic  becomes  larger  but  inhomogeneous.  The  magnitude  of  the  effective  total  stress  is  the  largest  at  the  interface 
and  becomes  smaller  away  from  the  interface.  The  effective  induced  electric  displacement  in  the  ceramic  now  becomes 


eff  d}}  v(r,l/2) 


r<0. 

From  Eq.  ( 10)  we  can  calculate  the  total  bound  charge  Q  produced  at  the  top  surface  of  the  ceramic  rod, 


>— 2tr  P 
Jo 


D(r)rdr=Yds}T}3na\ 


where 


y=l+- 


(//a)/,(^)l/,(/fi)A,(pS)-/,(^)A:1(^)](l/P’-r33) 


is  the  stress  amplification  factor. 

We  can  see  that  the  amplification  factor  depends  on  the  elastic  properties  of  both  phases,  the  ceramic  content 
ye—a2/R2,  and  more  important,  the  aspect  ratio  a/l.  In  order  to  visualize  this  aspect  ratio  dependence,  we  have  calculated 
the  numerical  values  of  Eq.  (12)  for  a  PZT5H-epoxy  composite  using  the  input  data  in  Table  I.  (PZT5H  is  a  trademark 
of  Vernitron  Corp.  for  its  lanthanum-doped  PZT  product.)  The  results  are  shown  in  Fig.  3.  Two  important  conclusions 
can  be  drawn  from  the  results  in  Fig.  3  as  follows. 

(i)  There  is  a  saturation  value  for  the  enhancement  effect  for  any  given  aspect  ratio  a/l.  This  is  because  the  stress 
transfer  effect  is  limited  only  to  the  portion  near  the  ceramic-polymer  interface;  in  other  words,  only  the  polymer  portion 
near  the  interface  actually  contributes  to  the  enhancement  effect.  This  point  will  be  elaborated  below.  This  saturation  value 
of  y  can  he  derived  from  Eq.  (12)  by  taking  the  limit  /?  —  co, 


lim  Y—  *  + 

/?  -*  <5 O 


(//g)A,(pg)/,(p;)u/p-sj}) _ 

j{2sJ}/cu)I0(pca)K{{f/a)+ 


(13) 


This  limiting  value  depends  very  strongly  on  the  aspect  ratio  of  the  ceramic  rod  a/l ,  which  may  be  visualized  from  the 
results  shown  in  Fig.  3  at  Ff=0;  it  decreases  rapidly  with  the  increase  of  the  ratio  a/l.  The  inclusion  of  the  aspect  ratio 
is  one  of  the  novel  features  of  the  current  model. 
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( ii )  The  y  value  obtained  from  the  current  model  is 
always  smaller  than  the  isostrain  result  but  larger  than  the 
two-phase  decoupling  result  (y=  I,  which  can  be  obtained 
by  taking  the  limit  a  —  co  for  a  finite  /),  depending  on  the 
aspect  ratio  a/I  of  the  structure.  In  general,  for  a  fixed 
ceramic  content,  thin  and  long  rods  should  be  used  in  or¬ 
der  to  get  larger  y.  The  isostrain  models  actually  give  the 
upper  limit  for  the  enhancement  factor,  which  can  be  de¬ 
rived  from  Eq.  (12)  for  a  finite  R  by  taking  the  limit  /—  co. 


lim  y— 

/  — *  oc 


1 


Vc+VpY%,' 


(14) 


where  Vt  and  Vp  are  the  volume  fractions  of  the  ceramic 
and  polymer  respectively.  Equation  (14)  is  just  the  iso¬ 
strain  result.9 

In  order  to  see  how  the  stress  transfer  actually  takes 
place,  the  generated  additional  stress  T'.dd  inside  both  the 
ceramic  and  the  polymer  phases  for  a  single-rod  composite 


is  calculated  using  the  parameters  from  Table  I.  For  clarity 
and  simplicity,  we  assume  R-+  oo  (corresponding  to 
0);  then  the  solutions  for  the  z  component  of  the  dis¬ 
placement  field  inside  the  composite  become 


/  7/7  \ 

MK0(//)-f  -yi  r>°- 

(15a) 

1 

f  1  \ 

C/0(pc)+jS})T}j,  r  <a, 

(15b) 

where 

(//2)/|(p^)(r,,—  \/Yp)T) 

(16a) 

A~  yj(  YpS}sHp/cu)I0(pca)Ki(pf)  +  /1(p„)A'0(Po)  ’ 

(l/DKMd/YP-s^Ti 

(16b) 

lo(Pc)KM)  +  ■ 

In  this  case  the  generated  additional  stress  T,dd 


r'T<ff  *r  _ 

add  *3  —  l  }  — 


Ii(p'aHs3iY'-l)T3K0(pP) 

Tl  r%vp/c«)io(Pl)KM+rWa)Wa)  ’ 

K.(pS)(i/*%j-i)7y0(pf) 

^cAA/V>s^)h(pca)K0(Pf,a)  ’ 


r>a, 


r<a. 


(17a) 

(17b) 


7  «dd  is  plotted  in  Fig.  4  for  a  single-rod  PZT5H-epoxy 
composite  with  a=0.5,  7=2.5  and  5,  respectively.  We  can 
see  that  7,dd  has  opposite  signs  in  the  ceramic  (r<0  5) 
and  in  the  polymer  (r>0.5),  and  the  magnitude  is  the 
largest  at  the  interface.  There  is  a  substantial  increase  of 
the  effective  stress  in  the  ceramic  at  the  expense  of  the 
stress  reduction  in  the  polymer  phase.  Because  of  the  dif¬ 
ference  between  the  elastic  properties  in  the  two  phases, 
7*, id  subsides  very  fast  away  from  the  interface  in  the  poly¬ 
mer  but  changes  relatively  slowly  in  the  ceramic  phase. 
Also,  we  note  in  Fig.  4  that  7,dd  depends  very  strongly  on 
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FK3  3  Calculated  dependence  of  the  amplification  factor  y  on  the  ce¬ 
ramic  content  for  a  PZT5H-epo*y  composite  with  the  following  aspect 
ratio  o/l  =  0  05.  0  1,0  2.  0.5,  and  10  The  uppermost  line  is  the  tsostrain 
result 
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the  ratio  a/I.  With  the  increase  of  /,  more  polymer  will 
participate  in  the  stress  transfer  process.  Although  the 
maximum  stress  magnitude  at  the  interface  a— 0.5  be¬ 
comes  slightly  smaller,  the  total  force  transferred  to  the 
ceramic  rod,  which  is  the  product  of  the  stress  and  the 
surface  area  of  the  participating  polymer,  becomes  larger. 
We  found  that  the  inhomogeneity  of  the  additional  stress 
becomes  stronger  as  the  a/I  ratio  increases 

It  is  clear  from  the  stress  analysis  that  the  most  effec¬ 
tive  portion  of  the  1-3  structure  is  near  the  ceramic- 
polymer  interface,  especially  for  relatively  large  a/I  ratio. 
Therefore,  one  of  the  fundamental  guidelines  for  the  struc¬ 
tural  design  of  1-3  composite  is  to  increase  the  ceramic- 
polymer  interface  area 

We  now  proceed  to  calculate  the  hydrostatic  piezoelec¬ 
tric  constant  for  the  single-rod  1-3  composite  shown  in  Fig. 
I.  The  boundary  condition  for  this  problem  should  be  con¬ 
stant  stress  on  all  surfaces  of  the  composite.  However,  this 
boundary  condition  is  not  satisfied  in  the  previous  theoret¬ 
ical  models  which  assumed  isostrain  boundary  condition  in 
the  axial  direction  of  the  rods.  Therefore,  the  effective  hy¬ 
drostatic  piezoelectric  constant  of  the  1-3  structure  calcu¬ 
lated  from  the  previous  models  is  often  much  larger  than 
the  experimental  values.5,9  The  simple  parallel  model  and 
series  model  could  not  give  the  right  result  because  the 
conditions  of  isostrain  in  the  z  direction  and  equal  stress  in 
the  x  and  y  directions  are  self-contradictory.  When  stresses 
are  applied  in  the  Jr  and  y  directions,  the  induced  displace¬ 
ment  in  the  z  direction  will  be  quite  different  in  the  ceramic 
and  polymer  phases,  due  to  the  difference  in  elastic  com- 
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FIG.  4.  Concentration  of  (he  generated  additional  stress  Ttdd  as  a  func¬ 
tion  of  r  for  a  single-rod  PZT5H-tpoxy  1-3  composite  under  a  uniaxial 
stress  Ty  The  radius  of  the  ceramic  rod  is  0.5  The  thick  line  is  for  1=5 
and  the  thin  line  for  1=2  5  The  maximum  value  of  the  additional  stress 
appears  at  the  interface  r=0.5,  and  the  signs  of  the  stresses  in  the  two 
phases  are  opposite. 


pliance.  Although  the  series  model  may  be  used  in  the  x 
and  y  direction,  the  equal  strain  model  must  not  be  used  in 
the  z  direction  unless  infinitely  stiff  plates  are  placed  on  the 
two  surfaces  of  the  composite.  In  order  to  adequately  cal¬ 
culate  the  hydrostatic  piezoelectric  constant  for  the  1-3 
composite,  one  must  consider  all  three  dimensions  simul¬ 
taneously  and  the  solution  should  satisfy  equal  stress 
boundary  conditions  in  all  three  dimensions. 

Before  we  calculate  the  effective  hydrostatic  piezoelec¬ 
tric  constant  of  the  composite  structure,  let  us  discuss 
briefly  the  physics  involved  in  the  1-3  structure.  Equation 
( l )  may  be  rewritten  in  the  following  form: 


2 

7 


l  l\  npl  (d2u(r,l/ 2)  \du(r,l/l) 

"Hr5”  Tj  +  T  ^ 


1  d2u{r,l/  2) 


T 


(18) 


where  5^=  l/J*  is  the  normal  elastic  compliance  of  the 
polymer.  Equation  (18)  tells  us  that,  in  the  composite,  the 
effective  T  f  [in  the  square  bracket  of  Eq.  (18)]  is  inho¬ 
mogeneous  due  to  the  additional  stress  generated  by  the 
nonslip  ceramic-polymer  interface,  although  the  applied 
stress  r3  is  homogeneous.  While  in  the  other  two  dimen¬ 


sions,  there  is  no  interface  enhancement  effect,  the  stress 
will  still  be  homogeneous,  but  the  stresses  applied  in  the 
directions  perpendicular  to  the  z  direction  can  generate 
additional  stress  in  the  z  direction  due  to  the  Poisson’s 
ratio  effect  and  the  difference  of  elastic  compliance  in  the 
two  phases.  When  normal  stresses  are  applied  in  all  three 
dimensions,  the  local  strain-stress  relation  in  the  z  direction 
inside  the  polymer  may  be  written  as 


„  fi”!  (dMrJ/1)  1  du{r,l/2) 
Ti  +  ~4  (  d?  +r  dr 


1  d'u(r.//2)\ 

+?~w~) 


+s'J,T,+s'),r2. 


(19) 


For  the  case  of  hydrostatic  pressure,  Tt  =  T2*=  T}=  —P, 
Eq.  (19)  becomes 


H'l  (d2u[r,l/2)  1  du{r,l/2)  I  d2u(r,l/2)\ 

4  (  dp  +r  dr  +  P  dfi  / 


2 Y*  (  l\ 

=  -u{r,-\  +  (l-2o)P,  (20) 

where  a=S}j/sj}  is  the  Poisson’s  ratio  for  the  polymer. 
Equation  (20)  is  identical  to  Eq.  ( la)  if  we  replace  T}  with 
—  ( 1  —2 o)P.  Similarly  one  can  reach  the  same  conclusion 
for  the  ceramic  phase,  except  in  this  case  we  must  replace 
T}  by  —  ( 1  —2o')P,  with  of=j$,/j$3. 

Now  the  electric  displacement  in  the  ceramic  under  a 
hydrostatic  pressure  can  be  written  as 


D(r)=d  „ 


„  cul(d2v{r,l/2)  1  dv(r,l/2) 


+?~ j 


+d}lTiy-d32T2 


(2v(  r,l/2)  \ 

=<a — — i(jcp)-id"p •  u,) 

Equation  (21)  includes  both  the  Poisson’s  ratio  effect  and 
the  interface  enhancement. 

From  Eq.  (11)  the  total  charge  Q  produced  by  the 
hydrostatic  pressure  P  can  be  obtained  by  integrating  Eq. 
(21 )  over  the  end  surface  of  the  ceramic  rod, 

Q=~na2(Yhd}i  +  2d„)P,  (22) 

where 


_ I 

(I/OIM  [/.(p^)A:,(pg)  -  W>*,(^)  ]  [  ( 1  —2(7)/!*—  ( 1  -2gf)s33] _ 

‘  +7(2s33/c44)/0(P;){/i(/r)/(1(pS)-^(^)^,W)]+i/(2/KV)/.(p^I/1(/r)^o(pS)  +  ^.(^)W) 


(23) 


f 


is  the  amplification  factor  in  the  hydrostatic  situation. 
Compared  to  Eq  (12),  the  only  difference  is  the  inclusion 
of  the  Poisson’s  ratio  effect,  i.e.,  (he  two  factors  (1  — 2<z) 
and  ( 1  -2t7c). 

From  Eq.  (22)  the  effective  hydrostatic  piezoelectric 
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constant  dh  of  the  composite  is  therefore  given  by 

^=(r/^3J+2^i)(flV/?I)  =  Ec(y^j3  +  2d31),  (24) 

where  Vc  is  the  volume  fraction  of  the  ceramic.  Equation 
(24)  is  plotted  in  Fig.  5  for  several  different  aspect  ratios 
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Figure  6  is  the  plot  of  Eq.  ( 25 )  as  a  function  of  the  ceramic 
content  at  four  different  aspect  ratios  for  the  PZT5H-epoxy 
composite  using  the  input  data  from  Table  I.  One  can  see 
that  the  figure  of  merit  also  strongly  depends  on  the  ratio 
a/I.  In  the  commonly  used  range  of  the  aspect  ratio,  the 
hydrostatic  figure  of  merit  can  be  well  over  2000 X  10“' 5 
mJ/N  for  the  optimized  structure,  which  is  much  larger 
than  the  conventional  piezoelectric  ceramics. 


III.  SOLUTIONS  FOR  A  SINGLE  CERAMIC  TUBE 
COMPOSITE 


FIG  5  The  hydrostatic  piezoelectric  constant  as  a  function  of  the 
ceramic  content  at  a/I  ratios  of  0.05,  0.1,  0.2,  0.5,  and  10  for  a  single-rod 
PZTSH-epoxy  1-3  composite. 


for  a  PZT5H-epoxy  composite  using  the  input  data  from 
Table  I.  dh  shows  a  peak  value  for  each  value  of  a//;  this 
peak  value  appears  at  about  25%  for  a//=0.05  and  shifts 
to  higher  ceramic  content  with  the  increase  of  a/I.  The 
peak  value  increases  with  the  decrease  of  the  ratio  a/l\ 
however,  there  is  a  saturation  of  the  aspect  ratio  effect  as 
one  can  see  from  Fig.  5.  We  found  that  the  curve  for  a/I 
=  0.05  is  already  very  close  to  the  saturated  value;  very 
little  improvement  is  obtained  when  the  ratio  is  further 
decreased  to  a// =0.02.  The  curves  for  a// =0.02  and  0.01 
are  practically  the  same. 

The  1-3  structurejilso  increases  the  effective  piezoelec¬ 
tric  charge  constant  gh  because  the  effective  dielectric  con¬ 
stant  of  the  composite  is  reduced.  For  hydrostatic  applica¬ 
tions  the  conventional  criterion  for  the  1-3  composites_is 
the  hydrostatic  figure  of  merit  which  is  defined  as  gh  d 
For  the  1-3  structure,  it  can  be  written  as  follows: 

_  _  d2, 

8h  dh=(ee-€p)Vt+er  (25) 


The  stress  distribution  in  Fig.  4  tells  us  that  the  most 
useful  parts  for  the  stress  transfer  are  those  near  the 
ceramic-polymer  interface,  which  suggests  that  the  shape 
of  the  ceramic  component  should  be  designed  to  have 
larger  interface  area  with  the  polymer.  An  immediate  de¬ 
sign  possibility  would  be  to  replace  the  ceramic  rods  with 
tubes,  since  for  thin  wall  tubes  the  interface  area  can  be 
substantially  increased  as  compared  to  the  solid  rods  for 
the  same  ceramic  content.  Clearly,  from  the  principle  of 
stress  transfer,  the  structure  will  be  more  effective  if  the 
interior  of  the  tube  is  filled  with  polymer  assuming  no 
surface  c r  :ng.  The  unit  cell  for  this  case  is  plotted  in  Fig. 
2.  In  what  follows  we  only  give  the  results  for  the  filled 
interior  tube  composite.  One  can  easily  derive  the  solutions 
for  the  case  of  empty  interior  tube  composite  following  the 
same  procedure. 

As  shown  in  the  previous  section,  the  hydrostatic  case 
may  be  treated  the  same  way  as  the  uniaxial  case  for  the 
1-3  composite  systems.  Therefore,  we  only  need  to  consider 
the  situation  of  the  composite  under  a  uniaxial  stress  Tj. 
For  the  tube  composite  the  unit  cell  contains  three  different 
regions:  r  <af;  af  <r  <a2\  and  a2  <  r  <  R  as  shown  in  Fig.  2. 
The  surface  displacement  profiles  of  the  composite  in  the 
three  regions  are,  respectively,  given  by 


FIG  6  The  figure  of  merit.  <f„  as  a  function  of  the  ceramic  content 
with  the  a/I  ratios  of  005,  0  1.  0  2.  0  5,  and  10,  respectively,  for  ■ 
single-rod  PZT5H-epo*y  1-3  composite 
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(r\  IT, 

‘4,/°(^)+2}7”  r<°" 
^o(p)  +  ^7o(p)+5^'  <r<R’ 


u(r,  ^)=C'*o(4)  +<V o(p)  +^31^3.  ol<r<a1 
\  '  V  (27) 


The  five  integration  constants  in  Eqs.  (26)  and  (27) 
can  be  obtained  using  the  same  boundary  conditions  as 
given  i..  Eqs.  (6)-(8)  at  r=a„  av  and  R,  respectively. 
Because  the  expressions  for  these  constants  are  lengthy,  we 
define  the  following  quantities: 
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/o.-/o(«>/r).  A)2  —  fo(ai/£p)>  I\ i  —  I \(a\/^p), 

K0]  =  K0(a\/g),  /0{  =  /0(a,/4"f),  /02  — ^0(^2/ !*)< 
/ii=/i(ai/r).  k^k^/f),  /|2=/,(« ■,/$'). 
/«='.(*2/r>.  K01=K0(a2/^),  Kn  =  K>(Oi/?’) 


/|«  =  /|(A/^).  KXh  =  K\(R/£*). 

In  terms  of  these  abbreviations  the  integration  constants  in 
Eqs.  (25)  and  (26)  can  be  written  as 


Similar  to  the  previous  section,  one  can  find  the  total 
charge  Q  produced  at  the  top  surface  of  the  ceramic  tube 
under  a  uniaxial  stress  T }, 


r  dr=YdiiTin(a\~a\), 


(33) 


where 


r~'+ 

+  Cj(fl2f  — at/ 1( )  ] 


is  the  stress  amplification  factor  for  the  tube  composite 
under  uniaxial  stress.  One  can  verify  that  Eq.  (34)  recov¬ 
ers  the  result  of  Eq.  (12)  in  the  limit  of  fl|—  0. 

In  Fig.  7  we  have  plotted  Eq.  (34)  for  a  single-tube 
composite  or  /=  5  and  R  =  5.  The  ceramic  fractions  are 
0.01,  0.02,  0.05,  0.1,  0.2,  and  0.5,  respectively,  as  labeled  in 
the  figure.  One  can  see  that  for  each  specified  ceramic  vol¬ 
ume  percentage  the  y  value  increases  with  the  increase  of 
the  inner  radius  of  the  tube  ax  at  the  beginning,  then  de¬ 
creases  slightly  after  reaching  a  peak  value.  For  the  1% 
ceramic  composite,  the  y  value  can  be  increased  by  as 
much  as  a  factor  of  2  compared  to  the  ceramic  rod  com¬ 
posite  (O|=0,  and  for  the  corresponding  1%  ceramic 
single-rod  composite  the  a/I  ratio  is  0.1).  The  slight  de¬ 
crease  of  y  for  large  a{  is  caused  by  the  gradual  disappear¬ 
ance  of  the  outer  interface  in  the  structure,  as  one  can  see 


that  the  ceramic  tube  becomes  the  outer  shell  for  the  struc¬ 
ture  when  a,  is  sufficiently  large,  i.e.,  a2  —  R. 

Due  to  the  increase  of  the  interface  area  in  the  tube 
ceramic  configuration,  the  effective  volume  of  the  polymer 
that  participates  in  the  stress  transfer  becomes  larger.  As  a 
result,  more  charges  are  produced  for  the  same  ceramic 
content  compared  with  the  solid  rod  composite.  In  other 
words,  the  ceramic  tubes  are  more  effective  for  stress  trans¬ 
fer  than  the  solid  ceramic  rods  in  the  1-3  composite  struc¬ 
ture.  In  principle,  other  ceramic  geometries  can  also  be 
analyzed  in  the  same  manner.  However,  the  displacement 
field  will  also  depend  on  the  angular  variable  <f>  for  noncy- 
iindrical  symmetries,  which  may  defy  an  analytic  solution. 


IV.  SUMMARY  AND  CONCLUSIONS 

A  theoretical  study  has  been  carried  out  for  the  1-3- 
type  composites  based  on  the  model  developed  in  Ref.  6. 
As  examples,  a  single-rod  and  single-tube  composite  have 
been  treated  for  cylindrical  symmetry.  Analytic  solutions 
are  obtained  for  the  inhomogeneous  surface  displacements 
in  the  z  direction  under  both  uniaxial  and  hydrostatic 
stress.  From  these  inhomogeneous  displacement  solutions, 
the  effective  piezoelectric  constants  of  1-3  composites  can 
be  calculated. 
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FIG  7.  The  change  of  (he  amplification  faclor  v  for  a  single-tube  com¬ 
posite  with  the  inner  radius  of  the  ceramic  tube  o,  for  the  following 
volume  fractions  of  ceramic-  0  Jl.  0  02,  0  05.  0  I.  0  2,  and  0  5 


The  stress  transfer  in  the  1-3  composites  is  accom¬ 
plished  through  shear  coupling  at  the  interface  between  the 
two  components.  Because  of  the  difference  in  elastic  com¬ 
pliance,  the  two  phases  cannot  have  isostrain  under  uniax¬ 
ial  or  hydrostatic  stress  without  surface  capping.  The  ef¬ 
fectiveness  of  the  stress  transfer  can  be  characterized  by  a 
stress  amplification  factor  y  defined  in  Eqs.  (12),  (23),  and 
(34).  This  stress  amplification  factor  is  shown  to  depend 
on  the  elastic  properties  of  both  phases,  the  ceramic  con¬ 
tent,  and,  more  important,  the  aspect  ratio  of  the  ceramic 
rods.  It  is  shown  that  the  stress  transfer  effect  practically 
vanishes  if  the  ratio  a/ly  1.  We  have  also  demonstrated 
that  the  hydrostatic  stress  case  can  be  treated  in  the  same 
way  as  the  uniaxial  stress.  However,  because  of  the  Pois¬ 
son's  ratio  effect,  the  stresses  applied  in  the  directions  per¬ 
pendicular  to  the  axial  direction  of  the  rod  reduces  the 
enhancement  effect  in  the  axial  direction  Hence,  under 
hydrostatic  pressure  the  amplification  factor  yH  is  practi¬ 
cally  reduced  by  a  factor  of  ( !  —2a)  due  to  the  Poisson's 
ratio  effect,  where  a  is  the  Poisson’s  ratio. 

Through  the  sti^as  analyses,  we  have  shown  clearly 
that  the  most  effective  portion  of  the  polymer  for  the  stress 
transfer  is  in  the  vicinity  of  the  ceramic-polymer  interface. 
Therefore,  the  optimum  design  for  the  1-3  composite  struc¬ 
ture  should  contain  maximum  interface  area.  If  the  ce¬ 
ramic  volume  content  and  the  thickness  of  the  1-3  struc¬ 
ture  are  fixed,  the  composite  made  of  ceramic  tubes  is  more 
effective  than  the  composite  made  of  solid  rods  due  to 
larger  interface  area. 

In  a  real  1-3  composite  structure  the  outside  boundary 
of  the  unit  cell  is  not  circular,  and  the  cross  section  of  the 
ceramic  rodc  may  have  square  or  other  geometries,  Tor 
which  one  must  solve  each  case  according  to  the  specified 
boundary  conditions.  In  general,  it  may  not  be  possible  to 
obtain  closed  form  expressions,  one  may  have  to  resort  to 
numerical  methods.  However,  at  very  low  ceramic  content, 
i  c ,  if  the  rods  are  sufficiently  far  from  each  other,  the 
single-rod  solution  obtained  here  is  a  very  good  firsl-ortk' 


approxim  tion.  Looking  at  the  stress  analyses  in  Fig  4,  we 
note  that  the  polymer  beyond  r—  2.5  actually  contributed 
very  little  in  the  stress  transfer.  This  rod  distance  corre¬ 
sponds  to  a  ceramic  volume  percentage  of  about  4%. 
Therefore,  the  solutions  derived  here  should  be  accurate 
for  any  rod  arrangement  if  the  ceramic  content  is  less  than 
4%.  We  have  shown  that  the  calculated  piezoelectric  con¬ 
stant  is  comparable  to  the  experimental  result  even  for  up 
to  20%  ceramic  10 

Through  this  theoretical  study  we  have  gained  sub¬ 
stantial  insight  into  the  fundamental  principles  of  the  1-3 
piezoelectric  composite  structure,  including  the  mecha¬ 
nism  of  stress  transfer  and  the  influence  of  the  aspect  ratio. 
Several  design  principles  for  the  1-3  structure  can  therefore 
be  stated  based  on  the  current  study  as  follows. 

(i)  The  ratio  a/I  should  be  relatively  small  However, 
one  must  note  that  the  enhancement  of  the  stress  transfer 
through  reducing  the  a/I  ratio  has  an  upper  limit.  In  the 
PZTSH-epoxy  system  (see  Fig.  3),  if  a/l—0  01,  the  y 
value  essentially  reaches  the  upper  limit.  Thus,  there  is  no 
benefit  in  making  the  ratio  a/I  less  than  0  02  for  this  system 
since  the  decrease  of  a/I  ratio  of  the  ceramic  rods  often 
increases  the  difficulties  in  manufacturing  1-3  composites. 
Using  our  theoretical  results,  one  can  select  the  design 
parameters  to  optimize  the  performance  of  1-3  composites 
for  a  specific  purpose  and  at  the  same  time  minimize  the 
cost  of  manufacturing. 

(ii)  The  interface  area  between  the  two  phases  should 
be  maximized  so  that  the  effective  region  of  the  polymer 
participating  in  the  stress  transfer  is  maximized. 

(iii)  From  Eq.  (14)  one  may  conclude  that  the  passive 
phase  should  be  chosen  to  have  the  smallest  possible 
Young’s  modulus  (depending  on  the  requirement  of  me¬ 
chanical  strength  for  the  composite)  in  order  to  obtain  a 
large  y.  In  addition,  a  larger  ratio  of  the  shear  modulus 
versus  Young’s  modulus  for  the  passive  phase  is  preferred, 
which  can  reduce  the  self  loading  of  the  polymer  phase  and 
increase  the  stress  transferred  to  the  ceramic  phase.  This 
might  be  achieved  through  a  surface  capping  technique 
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Abstract:  The  piezoelectric  performance  of  1-3  type  composite 
depends  critically  on  the  stress  transfer  between  the  two  constituents 
phases.  This  paper  presents  i he  results  of  our  recent  invesl-gation 
on  the  elastic  and  piezoelectric  behaviors  of  composites  with  2  2  and 
1-3  connectivities  By  taking  into  account  the  nonuniform  strain 
profiles  in  the  constituent  phases,  the  theoretical  model  presented 
can  quantitatively  predict  the  performance  of  these  composites 
Theoretical  predictions  agree  quantitatively  with  the  experimental 
results. 


The  quantitative  study  of  the  performance  of  piczoceramic- 
polymer  composites  is  an  interesting  and  challenging  problem  In 
the  past,  a  great  deal  of  studies  have  been  devoted  to  this  subject  1  ' 
Nevertheless,  most  of  these  studies  are  based  on  the  eflcciive 
medium  theory,  where  the  material  properties  in  each  constituent 
phase  are  assumed  to  be  unifnim,  and  the  ellcuive  material 
parameters  of  a  composite  are  calculated  using  eiilier  the  pai.dlel 
model  (Voigt  averaging)  or  series  model  (Reuss  averaging) 
Although  these  studies  provided  general  guidelines  ui  predicting  the 
composite  properties,  the  quantitative  predictions  ol  the  effective 
material  parameters  deviate  from  the  experimental  observations  in 
most  cases 

In  this  paper,  we  will  present  the  results  of  our  recent  study 
on  piezoceramic- polymer  composites  with  2-2  and  1-3  type 
connectivity  4  h  Since  the  most  important  lactor  of  a  composite 
structure  is  the  stress  transfer  between  the  two  constituent  phases, 
the  key  to  establish  a  working  model  fot  the  composites  is  to 
understand  how  this  stress  transfer  is  realized  Illustrated  in  figure  I 
is  a  2-2  composite  structure  in  which  the  ceramic  plates  and  polymer 
are  arranged  parallel  with  each  other.  When  subjected  to  a  uniaxial 
stress,  the  composite  will  deform  as  illustrated  by  the  dashed  lutes  in 
figure  1(b).  For  comparison,  we  have  also  plotted  in  the  same 
figure  the  deformation  profile  assuming  no  elastic  coupling  between 
the  two  constituent  phases  The  elleuivencss  of  the  stress  transfer 
between  the  two  phases  depends  on  how  much  (he  strain  in  the 
polymer  phase  differs  in  the  two  dilations  |tlte  area  between  the 
dash-dolled  line  and  the  dashed  line  in  figtite  1(b)).  This  is 
determined  by  the  elastic  properties  of  the  constituent  phases  and 
geometric  factors  of  the  composite.  Clearly,  the  stress  transfer  in 
the  composite  is  through  the  shear  force  and  the  strain  in  both 
phases  is  not  uniform  When  the  strain  is  uniform  in  the  composite, 
there  is  a  maximum  stress  transfer  between  the  two  phases  This  is 
the  base  for  the  isostrain  model  However,  to  achieve  that  situation, 
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Figure  I:  Schematic  drawing  of  the  2-2  composite  (a)  strain  profile 
(dashed  line)  of  the  composite  from  the  isostrain  model  when 
subjected  to  a  uniaxial  stress,  <b)  real  strain  profile  (dashed  line) 


the  shear  modules  of  (he  polymer  phase  needs  to  lie  infinity,  which 
is  not  practical  13ns  explains  why  the  llicoicuc.il  calculations  based 
on  the  isoslrain  model  always  overestimate  the  piezoelectric 
response  of  composites  Shown  in  figure  2  is  the  sti.uu  prolilr  lor  a 
1-  3  composite  manufactured  by  l  iber  M.ttciials.  In-  i  he  strain 
profile  was  measured  by  the  double  beam  lasct  interferometer 
Clearly,  the  strain  in  the  polymer  phase  is  much  smaller  than  that 
expected  from  the  isostrain  model  The  major  advance  of  our 
model  is  to  take  into  account  this  nonuniformity  of  the  strain  profile 
in  the  constituent  phases  explicitly  There  line,  this  model  can  make 
quantitative  predictions  on  the  dependence  of  the  effective  matenal 
properties  of  a  composite  on  the  properties  of  its  constituent  pluses 
and  the  sample  geometric  factors 
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Figure  2:  Strain  profile  for  a  I  .3  composite  measured  by  the  double 
beam  laser  interferometer  Hatched  regions  are  IV.T  rods 


The  cross  section  of  a  2  2  lamellar  ceramic-polymer  composite 
is  shown  in  figure  3.  where  a  and  il  ate  the  dimensions  of  Die 
ceramic  plate  and  the  polymer  res|>cctively  in  the  x  direction,  and  l, 
is  the  thickness  of  the  composite  in  die  z  duo. non  T  lie  dimension 
of  the  composite  in  the  y  direction  is  much  larger  than  !.,  a  and  d 

Under  a  uniaxial  stress  Tt.  both  the  polymer  and  the  ceramic 
are  either  stretched  or  compressed  depending  on  the  sign  of  T3 
From  symmetry  consideration,  the  7=0  plane  (mirror  plane)  does  not 
move  at  all  in  the  z-direclion  In  the  near  static  case,  one  can  assume 
the  strain  to  be  uniform  in  the  z  direction  for  any  given  x 
Taking  a  segment  as  shown  in  figure  3  svitli  unit  length  tn  the  y- 
direction  (h=l),  the  total  shear  force  m  the  z  direction  Is  is 
fs=(IV-l)  )i  u»»(x.  1./2)  dx 

where  u(x,  L/2)  is  the  displacement  profile  at  the  top  surface  of  the 
polymer,  p  is  the  shear  modulus  of  the  polymer  In  the  x-duection 
the  composite  can  move  freely  and  the  stress  component  in  this 
direction  is  therefore  zero  In  the  y-ditec  lion.  die  polymer  is 
bounded  by  die  ceramic  plates  and  the  total  sttess  111  this  direction  is 
lumped  intoTj  since  we  are  not  mtetesied  in  the  details  of  this  sttess 
component.  From  these  conditions,  one  can  write  down  the 
constitutive  relations  for  this  elastic  bixty 

~ >  =  kj, <l;  P,jt.  U2)4la)rs32 T2  (la) 

l. 

S  j  =  s  22  I  2 -t  s ^  u„,(x,L/2)r73)  (1b) 

where  S2  is  the  y  component  ol  the  strum  111  the  polymer  phase, 
is  the  elastic  compliance  I  01  the  polymer,  one  lias  the  ic-lations 

s 2 2  -  s 3  1  and  sjy/sj  )  =  -ci,  wlieie  Cl  is  the  l*ot  win's  i.mo  I  or  a  2  2 
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Figure  3:  A  section  of  2-2  composite  for  our  analysis. 


composite  with  its  y-dimension  much  larger  than  L,  a  and  d.  Sj  is 
practically  a  constant  and  is  independent  of  x.  That  is,  the  strain  in 
this  direction  can  be  modelled  by  the  isostrain  approximation. 
Combining  eqs  (la)  and  ( lb)  to  eliminate  T2  yields 
2  u(x.  L/2)  ..  2L  2 


1. 


=  s  jit  l-o  ),  p  u.^x,  L/2)  ts,i(l-o  )Tj-oS? 


(2) 


If  one  neglect  the  stress  effect  in  the  y-direction,  eq.  (I)  will  be 
reduced  to 


2  u(x.L/2)  L  .  .  T 

- L - =  s  3  5  -  pi  u  x  „(x,  L/2)  +sj3T3 


(3) 


Hence,  the  effect  of  the  y-direction  stress  on  the  strain  in  the  1- 
direction  is  to  modify  the  elastic  compliance  S33  to  S33U-O2)  and  to 
add  an  additional  constant  term  (Poisson's  ratio  effect)  in  the 
equation.  It  does  not  affect  the  functional  form  of  the  equation. 
Considering  die  fact  diat  both  Tj  and  S2  are  constants,  we  can  make 
variahle  substitution:  v=u+  (I./2M  o  s3  stt  ( I  -o2)  I  t)  and  equation 
(2)  becomes 

2v(x-Ly2).=  sJ3(l-o3)tpv>I(x,L/2)  (4) 


1. 


Therefore,  the  strain  profile  in  the  polymer  phase  between  the  two 
neighboring  ceramic  plates  is _ 


2Y/(p(l-o  )))  + 


I 


3 


OS; 


(5) 


—*=  A  cosh  (2  L  .  - -  y 

where  A  is  the  integration  constant.  Y=  I /s 3 3  is  the  Young’s 
modulus  of  the  polymer  phase.  x=(l  is  at  the  center  of  the  polymer 
filling.  A  can  be  determined  from  the  boundary  condition:  A  = 


(2U0/L-T3/Y  +  oSzVcoshf^V^Y/lpfl-o  ))),  where  2uo/L  is  the 

strain  in  the  polymer-ceramic  interface.  For  the  situation  when  there 
is  only  one  ceramic  plate  in  the  composite,  the  longitudinal  strain  of 
the  polymer  phase  is 


2u/L=  B  exp(-  1  V  2Y/(p(  1  -a» )  -  OS  2  (*>aJ2) 


and 


(1-0  )))  +  y  -  0S2 


(6) 

(x<-a/2) 


2u/L=  B  c*p((-*~-y  )2  1 V 2Y/(m(I 

where  x=0  is  set  at  the  center  of  the  ceramic  plate. 

To  compare  with  the  theory,  several  2-2  composites  were 
made  using  PZT-5A  plates  etnbeded  in  spurs  epoxy  matrix.  The 
longitudinal  strain  S3=2u/L  of  the  sample  was  mapped  out  along  a 
path  parallel  to  the  x-axis  (refer  to  figure  I )  using  the  double  beam 
laser  interferometer  Presented  in  figure  4  is  the  profile  taken  from 
one  of  these  scans.  The  solid  line  in  the  figure  is  the  fitting  using 
eq.  (5)  for  the  polymer  regions  between  the  PZT  plates  and  eq.  (6) 
at  the  two  edges  of  the  sample  Clearly,  the  theoretical  curve 
describes  the  data  quite  well  From  lilting  the  data,  one  can  obtain 
the  value  of  Y/41  (l  -o  2))=3.35.  For  an  isotropic  medium,  we 
have  the  relationship  Y/p  =2  (l-o).  Therefore,  from  the  value  of 
Y/(p  (l-o2  ))=3.35,  we  can  derive  o=()4,  which  is  a  reasonable 


Figure  4:  Comparison  between  the  experimentally  measured  strain 
proFtle  (dots  in  the  Figure)  of  a  2-2  composite  and  the  theoretical 
curves  (solid  lines). 


value  for  the  spurs  epoxy  used. 

Single  rod  1-3  composite 

Although  the  basic  stress  transfer  mechanism  between  the  two 
constituent  phases  in  a  1-3  type  composite  is  similar  to  that  in  the  2 
2  type,  the  problem  of  solving  the  strain  proFtle  in  a  regular  1-3 
composite  is  more  involved  and  may  be  calculated  numerically 
Here  we  will  only  treat  one  special  case,  a  single  rod  1-3  composite 
subjected  to  a  hydrostatic  pressure,  to  show  quantitatively  how 
various  parameters  affect  the  performance  of  a  1-3  composite.  The 
single  rod  composite  is  schematically  drawn  in  Figure  5,  where  1 
cylindrical  coordinate  system  is  used.  This  configuration  is  a 
reasonable  approximation  to  the  composite  with  triangularly 
arranged  ceramic  rods  (for  which  the  unit  cell  has  hexagonal 
symmetry)  and  at  low  ceramic  content,  the  results  here  could  even 
be  used  for  composites  with  other  rod  arrangements6 


Figure  5:  Schematic  drawing  of  u  single  rod  1-3  composite. 


Similar  to  the  2-2  composite  situation,  the  force  equilibrium 
condition  for  the  polymer  phase  can  be  written  in  the  following 
form6 

^  (u »(r.  L/2)  ♦  ^y^)  -  (1  -2o)  p  -  2---^'-Lj'2)  (7) 

where  the  meaning  of  each  quantity  is  similar  to  that  in  the  preceding 
section  and  p  is  the  hydrostatic  pressure.  One  can  write  down 
similar  equation  for  the  strain  profile  in  the  ceramic  rod.  The  strain 
profile  for  the  polymer  phase  is  therefore  given  by 

2u/L  -  A  Ko(r/$)  +  B  l0(r/^)  -  ( I  -2  o)  p/Y  (8) 

where  K<j(p)  and  l0(p)  are  reroth  order  modified  Bessel  functions 
A  and  B  can  be  determined  from  the  boundary  conditions.  From  the 
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stmin  profile,  one  can  calculate  the  stress  transfer  between  the  two 
constituent  phases  and  hence  the  effective  piezoelectric  hydrostatic 
strain  constant  d*: 

dh=Vc(Y„d3j+2d3))  (9) 


where  Vc  is  the  volume  content  of  the  ceramic  in  the  composite.  djjc 
and  dj|c  are  the  piezoelectric  constants  of  the  ceramic  phase,  and  Yh 
is  the  stress  amplification  factor:6 


7li(P^Ht(pR>K1(pa)-I,(pa)K,(pfl)i[(l-2o)/Y.(l-2o  Jsj 


V,+ 


fan 

V  c44 


MPaX*  I<Pr)K  ,(Pa)~l  ,<Pa)K  ,(Pb>1 


tJT 

Y  Yp 


l,(pa)[l,(pR)Ko(pa)+!o(pi)K|(pR)| 


(10) 


where  $33  and  C44  are  the  elastic  compliance  and  the  shear  constant 
of  the  ceramic.  oe  is  the  Poisson's  ratio  of  the  ceramic. 

r~r~ 

pr  =(2  r/L)  y  ^  and  p,c  =(2  r/LJ'y  $3^44  ^ne  can  see  !^al 

the  stress  amplification  factor  depends  on  the  elastic  properties  of  the 
constituent  phases  anil  most  importantly .  on  the  aspect  ratio  of  the 
ceramic  roil  I’ollletl  in  figme  f>  is  the  calculated  results  (or  d|,  funn 
ei|  (9)  for  several  different  aspect  ratios  for  a  PZT5II  Spurs  epoxy 
composite.  The  input  data  can  he  found  in  reference  (»  deafly, 
aspect  ratio  of  the  PZT  roil  is  an  impottant  parameter  in  determining 
the  piezoelectric  performance  of  I  -3  composites 

Shown  in  figure  7  is  the  comparison  helweeit  the 
experimentally  measured  d|,  for  a  1-3  composite  with  1%  PZT 
volume  content  in  spurs  epoxy  matrix  anil  dint  calculated  from 
equation  (9).  The  parameters  ttsed  in  the  calculation  are  listed  in 
reference  6,  and  dj.3  and  <h(  were  treated  as  fitting  parameters.  Hie 
agreement  between  the  experimental  result  anil  theoretical  calculation 
is  satisfactory. 


Figure  6:  Hie  hydrostatic  piezoelectric  constant  di,.  as  a  function  of 
the  ceramic  content  at  the  aspect  ratio  of  a/L=() .05,  (1. 1,0  2,  0  3  ami 
Ml  for  a  single  rod  PZT5ll-Epoxy  1-3  composite. 


Conclusions 

In  general,  the  response  of  the  constituent  phases  of  a 
composite  In  an  external  field  is  not  uniform  spatially.  Hy  taking 
into  account  tlie  nonunifonn  strain  profiles  in  the  constituent  phases, 
the  theoretical  model  presented  in  this  paper  can  quantitatively 
predict  the  performance  of  these  composites  Theoretical  predictions 
agree  quantitatively  with  the  experimental  results 


Figure  7:  Thickness  ilepetulance  of  d(l  lor  a  I  3  composite  and  the 
comparison  wiih  the  theoretical  prediction  The  radius  of  the  PZT 
roil  is  0.405  nun 
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APPENDIX  5 


PIEZOELECTRIC  TUBES  AND  TUBULAR  COMPOSITES 
FOR  ACTUATOR  AND  SENSOR  APPLICATIONS 

Q.  M.  Zhang,  H.  Wang,  and  L.  E.  Cross 
Materials  Research  Laboratory,  The  Pennsylvania  State  University 
University  Park,  PA  16802 

Abstract:  The  piezoelectric  actuators  and  sensors  made  of  tubular  structure  can  provide  a 
great  agility  of  the  effective  response  in  the  radial  direction.  For  a  radially  poled 
piezoelectric  tube,  the  effective  piezoelectric  constant  in  that  direction  can  be  tuned  to  be 
positive,  zero,  and  negative  by  varying  the  ratio  of  the  outer  radius  (Ro)  to  the  inner  radius 
(ro)  of  the  tube.  For  a  suitable  ratio  of  Ro/ro,  this  effective  constant  can  also  be  changed  in 
sign  or  set  to  zero  by  adjusting  the  DC  bias  Field  level  for  tubes  made  of  electrostrictive 
materials.  Therefore,  one  can  make  a  piezoelectric  transducer  with  all  the  effective 
piezoelectric  tensile  constants  having  the  same  sign.  The  end  capped  thin  wall  tubes  also 
exhibit  exceptionally  high  hydrostatic  response  and  the  small  size  of  the  tubular  structure 
makes  it  very  suitable  for  integration  into  1-3  composite  which  possesses  low  acoustic 
impedance  and  high  hydrostatic  response. 
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I.  INTRODUCTION 


The  recent  advance  in  the  adaptive  materials  and  structures  has  put  increasing  demands  on 
new  materials  and  material  structures  to  broaden  the  range  of  material  properties  provided 
by  the  conventional  materials.  The  novel  concept  of  piezocomposites  is  one  such 
example  which  combines  two  or  more  materials  with  complementary  properties  to  expand 
the  effective  properties  of  the  composite  beyond  those  of  each  individual  component.^*4 
With  the  existing  materials,  by  structure  modifications,  one  can  also  greatly  improve  the 
performance  of  devices.  In  this  paper,  we  will  examine  the  effective  piezoelectric 
properties  of  a  tubular  structure  and  its  composites  formed  from  arrays  of  such  tube  for 
both  actuating  and  sensing  applications.  For  a  radially  poled  ceramic  tube,  the  competition 
between  the  piezoelectric  d33  effect  and  d3  j  effect  in  the  radial  direction  provides  a 
convenient  way  to  adjust  the  effective  piezoelectric  properties  in  that  direction  by  changes  in 
the  tube  radii.  The  small  thickness  of  a  thin  wall  tube  also  makes  it  practical  to  use  field 
biased  electrostrictive  materials  for  actuators  and  sensors  since  only  a  low  terminal  DC 
voltage  is  required  to  produce  substantial  piezoelectric  activities  in  the  materials  in  this 
geometry. 

II.  PIEZOELECTRIC  RESPONSE  OF  A  TUBE  UNDER  AN  ELECTRIC  FIELD 
When  a  radially  poled  tube  is  subjected  to  an  electric  field  along  the  radial  direction,  on 
the  average,  the  strain  in  the  axial  direction  equals  d3i  Em,  where  d3i  is  the  linear 
piezoelectric  constant  and  Em  is  the  average  field  in  the  material.  The  response  in  the  radial 
direction,  however,  is  complicated.  In  this  section,  the  solution  of  the  elastic  equation  for 
the  tubular  structure  under  an  electric  field  will  be  presented.  It  will  be  shown  that  with  the 
same  applied  electric  field,  the  outer  diameter  (OD)  (or  the  inner  diameter  (ID))  of  the  tube 
can  either  expands  or  contracts  depending  on  the  ratio  of  the  OD  to  ID  of  the  tube.  This 
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phenomenon  is  the  direct  consequence  of  the  competition  between  the  piezoelectric  d}3  and 
d3i  effects,  which  have  opposite  sign  in  producing  the  change  in  the  tube  OD  under  electric 
field. 

In  analyzing  the  strain  response  of  a  tubular  structure  under  an  electric  field,  it  is 
convenient  to  use  the  cylindrical  polar  coordinate  system,  as  shown  in  figure  1 .  The 
symmetry  of  the  problem  requires  that  the  (^-component  of  the  displacement  field  u^=0. 

For  a  thin  wall  tube,  one  can  neglect  the  coupling  terms  containing  both  r  and  z  in  the 

“•  — •  /V  A 

displacement  field  u  and  assume  u=u^r)  r  +  u^z)  z.  Under  this  approximation,  the  non- 


_9ur  _ur  .  duz 

zero  strain  component  are:  u"“~’  311(1  u«“~.  The  constitutive  relations  for 

dr  ‘  dz 


the  tube,  therefore,  are 

Tz=cn  Uzz+c^  u,(K(,+cj2  Urre3iE 
Tr  =  Ci i  Un-  +C12  u<|k{,+ci2  uzz-e33E  (1) 

T(|>=Ci2  Uzz  +cn  U00+C12  Urre3iE 


where  Tz,  Tr,  and  T<j>  are  the  stress  components  in  the  three  directions,  the  c*j  are  the  elastic 
stiffness  constants,  the  ejj  are  the  piezoelectric  stress  constants,  and  E  is  the  applied  electric 
field  within  the  tube  wall  in  the  r-direction  .  It  is  well  known  that  the  electric  field  is  not  a 

constant  inside  the  tube  wall  and  with  a  total  voltage  V  applied  to  the  tube,  E= _ — _ 

r  In  (R(/ro) 

(r0  ^  r  <  Rq).  In  equations  (1),  we  made  the  approximation  that  the  tube  is  isotropic 
elastically  to  simplify  the  analysis.  The  effect  of  anisotropy  will  be  addressed  in  the  next 
section  in  which  we  discuss  the  hydrostatic  response  of  end  capped  tubes.  Both 
experimental  data,  which  will  be  presented  later  in  this  section,  and  the  analysis  in  the  next 
section  show  that  the  errors  due  to  the  isotropic  approximation  are  not  significant. 
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Making  use  of  the  constitutive  equation  (eq.  (1))  and  the  static  equilibrium  condition,  we 

can  derive  the  basic  elastic  equations  for  this  problem5 

aid  e31E  S11(1+o)(l-2o) 

— ( - rur)  =  -  — - - — 

3  r  ra  r  r  1-a 


=  constant 


where  o  is  the  Poisson’s  ratio  and  sj  i  is  the  elastic  compliance.  The  solutions  to  eq.  (2) 


u  r  —  ar+— + 


b  e31V  Si ,(1+0X1-20) 


u7  =  cz 


where  p=R(yrq.  a,  b  and  c  are  the  integration  constants  which  can  be  determined  from  the 
boundary  conditions:  uzz=d3iEm ,  where  Em  is  the  average  radial  electric  field  in  the  tube 


(Em=75— ; — ,r>  /  v  X  and  at  r=Rq  and  ro,  there  is  no  external  stress  on  the  tube  wall 
(Ko+ro)  nHKgfro) 

which  implies  Tp=0  at  these  two  boundaries.  Substituting  eqs.  (3)  into  eqs.  (1)  and  using 
the  boundary  conditions,  one  can  get 

a=  Em  ((1-2  o)  d33-  od3i)/(2(l-  o)) 

b=  -  RoroEm(d33  +  od3i)/(2(l- O))  (4) 

c=  d3i  Em 

The  strain  components  for  the  tube  can  be  obtained  from  eqs.  (3)  and  (4).  Here  we  are 
more  interested  in  finding  out  how  the  tube  outer  diameter  changes  with  applied  electric 
field  as  the  ratio  of  R<yrO  varies  since  in  most  of  the  applications,  this  is  the  quantity  of 
interest.  Substituting  a  and  b  from  equation  (4)  into  equation  (3)  for  ur  and  setting  r=Ro 
yield  the  displacement  of  the  tube  outer  wall  u,{Rq) 

ur(Ro)=Em  ((Rq+rq)  d3i  +  (Rq-  rq)  d33  )/2 
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This  equation  reveals  that  ur(Ro)  can  be  changed  from  positive  to  zero,  and  to  negative  by 
varying  the  ratio  of  Ro'ro- 

To  illustrate  the  advantage  of  using  thin  wall  tubes  for  actuator  applications,  one  can 
compare  the  piezoelectric  response  of  a  tube  with  a  rod  of  radius  Ro,  both  of  length  L 
subjected  to  the  same  applied  voltage  V.  For  the  rod,  the  Field  is  applied  along  the  axial 
direction  and  Uzz=d33  V/L  and  Un^bi  V/L.  For  the  tube  sample,  one  can  equivalently 
introduce  the  quantity  u,/Ro  as  the  effective  strain  in  the  radial  direction 

ur(Ro)/Ro=  Em  (( 1  +ro/Ro)  d3 1  +  ( 1  -  ro/Ro)  d33  )/2  (5) 

Similar  to  a  rod  sample,  we  introduce  the  effective  piezoelectric  constants  for  the  tube  as  if 
it  were  a  rod  poled  axially, 

,  tir  ef  f 

uzz=d33  V/L  and  —  =  d31V/L  (6) 

Ko 


where  L  is  the  axial  length  of  the  tube  and  V  is  the  voltage  applied  on  the  tube  wall.  From 


uzz=d31  Em  and  equation  (5),  the  effective  piezoelectric  constants  can  be  deduced 

deff=d  2L 

33  31  (Ro+ro)ln(R(Ao)  (7) 

d  f [  = - - - [( 1  +-^)d  3 !+( 1  -  -^-)d  3  3  ] 

(Ro+ro)ln(R</ro)  Ro  Rq 


For  thin  walled  tubes  with  L  much  larger  than  Ro,  which  is  the  case  in  most  of  the 
applications,  both  d33e^  and  d3ie^  can  be  exceptionally  large.  This  demonstrates  that  the 
tubular  structure  has  great  advantage  over  the  regular  ceramic  rod  for  actuator  applications. 
Besides  that,  by  choosing  (1+ro/  Ro)  Id3jl  >  (1-ro/  Ro)  1^33^  the  effective  d33  and  d3j  of 
the  tube  will  have  the  same  sign.  By  adjusting  the  ratio  Ro/  ro,  one  can  also  continuously 
vary  d^j  of  the  tube  from  positive  to  zero  and  to  negative. 

To  compare  with  theory,  the  displacement  Field  UffRo)  and  Uzz  of  a  radially  poled  PZT- 
5  tube  were  measured  using  a  double  beam  laser  dilatometer.6  The  ceramic  tubes  used 
were  manufactured  by  Morgon  Matroc,  Inc.,  Vemitron  Div.  with  Rq=0.635  mm  and 
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ro=0.381  mm.  From  the  data  acquired  and  using  eqs  (3),  (4)  and  (5),  we  got  d33=289 
pC/N  and  d3i=- 141 .3  pC/N  for  the  tube  material.  For  most  of  commercially  available 
PZT  materials,  the  ratio  of  d33/d3i  ranges  from  2.15  to  2.37  The  measured  ratio  here 
(d33/d3 1=2.05)  is  slightly  below  that  range  which  we  believe  is  the  result  of  the 
approximations  used  in  the  derivation.  The  effective  piezoelectric  constants  defined  in  eq. 
(6)  for  the  tube,  therefore,  are  d33eh=-8180  pC/N  and  d3ieff=-3220.5  pC/N,  the  two 
coefficients  have  the  same  sign  as  predicted  by  eq.  (7)  and  they  are  exceptionally  large. 

The  small  thickness  of  the  tube  wall  also  makes  it  possible  to  use  electric  field  biased 
electrostrictive  materials  for  the  actuator  application  since  only  a  small  bias  voltage  is 
required  here  to  induce  substantial  piezoelectric  responses  in  the  materials.  In  the  field 
biased  electrostrictive  materials,  it  has  been  shown  that  the  ratio  of  the  piezoelectric 
constants  d33/d3j  is  bias  field  dependent.**  Hence,  for  a  suitable  ratio  of  Ro/  ro,  by  tuning 
the  DC  bias  field  level,  both  sign  and  magnitude  of  d3ieff  of  the  tube  can  be  varied. 

III.  THE  HYDROSTATIC  RESPONSE  OF  END  CAPPED  TUBES 

The  availability  of  small  size  ceramic  tubes  makes  it  attractive  to  integrate  them  into  1-3 
type  piezoceramic-polymer  composites  for  large  area  applications  and  to  provide  more 
flexibility  for  further  material  property  modification.  Before  a  detailed  discussion  of 
composite  properties,  we  will  derive  the  expression  for  the  hydrostatic  response  of  end 
capped  tubes  since  they  are  commonly  used  as  hydrostatic  sensor 7  As  demonstrated  in 
section  II,  the  ratio  of  Ro/ro  provides  a  convenient  way  to  adjust  the  stress  sensitivity  of  the 
sensor. 

Similar  to  the  derivations  presented  in  the  preceding  section,  the  displacement  field  of  a 
tube  under  hydrostatic  pressure,  when  expressed  in  the  cylindrical  coordinate  system,  is 

-•  A  A 

u<j,=0  and  u=u/r)  r  +  u/z)  z.  (For  an  isotropic  material,  this  is  the  exact  form  of  the 
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displacement  field  equations.  For  a  poled  ceramic  tube,  the  error  in  using  this  form  of  the 
displacement  field,  as  will  be  shown  later,  is  less  than  10%.)  Since  the  tube  is  capped  on 
both  ends,  the  pressure  field  is  applied  only  to  the  outer  surfaces  of  the  tube,  eq.  (2) 
becomes: 

drur  A  du, 

- =  const.  and  - =  const.  (8) 

r5  r  d  z 


The  solutions  to  the  equations  are: 

tir=a  r  +  b/r  and  uz=  c  z  (9) 

The  non-zero  strain  components  are: 

urr  =  a-b/r2,  u<txj,=  a  +  b/r2,  and  uz7.  =  c  (10) 
where  a,  b,  and  c  are  the  integration  constants  which  can  be  determined  from  the  boundary 
conditions.  The  boundary  conditions  are:  at  r=rD,  Tr  =  0;  at  r=R0,  Tr  =-  p;  and  at  z=0  and 
z=l,  the  stress  in  the  axial  direction  is  Tz  =-  p  Ro2/(Ro2-fo2).  where  -  p  is  the  applied 
hydrostatic  pressure.  For  the  purpose  of  comparison,  we  will  determine  the  integration 
constants  a,  b,  and  c  in  eq.  (9)  for  both  an  elastically  isotropic  tube  and  a  piezoelectric 
ceramic  tube.  For  the  later  tube,  the  constitutive  relations  are: 

Tz=Cn  Uzz  +Ci2U(|K{,+C13UIt 

Tr  =  C33  Un- +Cj3  u^+cn  uzz  (11) 

T<t>=c12  Uzz  +U11  u^j,+Ci3  Urr 

where  cjj  are  the  elastic  stiffness  coefficients  of  the  poled  ceramics.  Following  the 

a 

convention  in  the  literature,  in  eq.  (1 1),  3  reefers  to  the  poling  direction  (r  direction),  1  the 

A 

z  direction,  and  2  the  direction.  Substituting  the  strain  components  from  eq.  (10)  into  eq. 


(11)  and  omitting  the  term  in  Tz  having  r  dependence,  one  can  obtain  a,  b,  c: 

D2 

-  OK.  Cll  -  Cm 

a  =  — - — 2j — - 13 — li -  )  (i2a) 

r2.  2  C I3^c  12+  c13>  '  clllc13+  c33) 
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r2R2 

5  roRo  P 

D2  r2  c33  ‘  c  13 
o  1  o 

c  _  •  P  R0  | _ c12~  c33 _ , 

R2  2  c 13)  ‘  cll(c  13^33) 


(12b) 


(12c) 


Therefore,  the  stress  distribution  in  the  tube  is  given  by: 

D2  2 

•pR.  r_ 

T  =  V  [1-  — ] 

1  ^  2  2  2 

R0-r0  r 

n2  2  2  2 
T  -~pR°r  clTl~circircli:33 


(13a) 


circ  13  ro 


R2.r2  c13(c12fc13)‘cll(c13fc33)  c3Jc13r2 


-PRo 

Ro"  r0 


(13c) 


(13b) 


A  term  ((ci2-ci3)b/r2),  which  is  less  than  7%  of  the  total  Tz,  was  omitted  from  eq.  (13c). 
Since  Tz  itself  is  one  of  the  boundary  condition  used  to  derive  the  integration  constants  a, 
b,  anc  c  and  is  equal  to  -  p  R02/(R02-r02),  the  appearance  of  this  extra-term  in  the 
expression  for  Tz  derived  using  eqs.  (11)  and  (12)  is  believed  to  be  an  error  resulting  from 
the  approximation  made  for  the  displacement  field  for  the  tube  under  hydrostatic  pressure. 
However,  the  small  size  of  this  error  (less  than  7%)  indicates  the  approximation  is 
acceptable. 

From  the  stress  distribution  equations,  the  hydrostatic  response  of  the  tube  can  be 
calculated  from  the  relation 

£>2=  d3iTz+  d3jT^,+  d33TT  (14) 

where  D3  is  the  electric  displacement  in  the  poling  direction.  The  value  of  dh  can  be  found 
by  taking  the  average  charge  produced  in  the  inner  and  outer  surfaces  of  the  tube  wall  and 
divided  it  by  the  outer  surface  area  of  the  tube.  From  eq.  (14): 
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In  eq.  (15),  we  have  taken  the  tube  outer  surface  as  the  total  electroded  area  to  calculate  dh. 
Using  the  elastic  stiffness  coefficients  for  PZT-5H,7  for  a  tube  with  Ro=0.635  mm  and 
ro=0.381  mm,  eq.  (15)  predicts  dh  =-657  pC/N  or  2.4  d3j.  If  the  radius  Ro  is  doubled 
while  keeping  the  wall  thickness  the  same,  dh  increases  to  -1786  pC/N.  Hence,  for  thin 
walled  tubes,  an  exceptionally  large  hydrostatic  response  car:  be  achieved. 

Eq.  (13)  can  be  reduced  to  the  stress  field  of  an  elastically  isotropic  tube  by  using  the 
isotropic  conditions  ci  1=033, 012=013.  It  can  be  shown  that  the  result  thus  obtained  is  the 
exact  solution  to  the  tube  stress  field  and  similarly  dh  can  be  found  by  simplifying  eq.  (15) 
using  the  isotropic  condition: 

d*=i|d*+R7T0l2+T%ld3>> 

Using  the  data  above  for  the  PZT-5H  tube,  the  value  of  dh  calculated  from  eq.  (16)  is 
found  to  be  -594  pC/N  (2.17  d3i). 

Experimental  measurements  were  performed  on  several  PZT-5  tubes  (Ro=0.635  mm 
and  ro=0.381  mm)  with  two  ends  sealed  and  radially  poled  (the  dielectric  constant  e  for  this 
group  of  samples  is  around  1700  at  the  ambient  pressure),  dh  was  determined  by  the  direct 
piezoelectric  effect,  i.e.  by  measuring  the  charge  induced  on  the  electrodes  of  a  sample 
which  is  subjected  to  a  hydrostatic  pressure.  631  and  d33  were  measured  using  a  double 
beam  laser  interferometer.^  For  this  group  of  samples,  dh  ranged  from  -330  pC/N  to  -400 
pC/N  and  d3i  from  -140  pC/N  to  -160  pC/N.  The  ratio  between  the  experimental  values  of 
dh  and  d3  j  (on  average)  is  2.45  which  is  very  close  to  that  predicted  from  eq.  (15). 

Clearly,  to  make  a  quantitative  prediction  of  the  hydrostatic  response  of  a  tubular  structure, 
one  should  include  the  elastic  anisotropy  in  the  calculation. 

In  analogy  to  the  situation  discussed  in  the  preceding  section,  by  varying  the  ratio  of 
Rty't'O.  one  can  also  manipulate  the  response  of  the  tube  to  the  stress  field  in  the  radial 
direction.  Here,  we  will  use  the  result  just  derived  for  the  hydrostatic  response  of  a  tube  as 
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an  example.  From  eq.  (14),  the  hydrostatic  response  ol  a  tube  comes  from  three  terms, 
one  is  from  the  pressure  in  the  axial  direction  and  the  other  two  from  the  pressure  in  the 
radial  direction.  The  electric  displacement  D3r  due  to  the  pressure  in  the  radial  direction  is 

D3r=d3iT(j)  +d33  Tr 

Using  the  result  of  eq.  (13)  and  taking  the  average  charge  produced  at  the  tube  inner  wall 
and  outer  wall,  one  can  obtain  the  piezoelectric  response  dr  of  the  tube  to  the  pressure  in  the 
radial  direction 


dr= 


2 


d33  + 


Rq 

R0*ro 


2  2  2 

[  (  clTfc  12~  c11~  cl£33  j  CI3 

cl^c13+c12)  '  cll(c13+c33N  c33 “  0 13 


ro 

R0 


]d3i) 


(17) 


Since  d33  and  d3i  are  opposite  in  sign,  one  can  easily  verify  that  by  varying  the  ratio  of 
R(yro,  dr  changes  continuously  from  positive  to  zero,  and  to  negative.  Taking  the 
elasucally  isotropic  tube  as  an  example  and  assuming  d33/d3j=2.2  in  eq.  (17),  when 
ro/Ro=0.375,  dr  becomes  zero.  That  is,  the  tube  now  becomes  insensitive  to  the  pressure 
wave  in  the  radial  direction.  Similar  to  the  actuator  case,  for  suitable  ratio  of  qyRp,  one  can 
also  change  the  sign  oi  the  effective  radial  response  here  by  using  electrostnctive  materials 
with  different  DC  bias  field  levels.  This  result  as  well  as  the  result  in  the  preceding  section 
indicate  that  the  range  of  the  effective  piezoelectric  properties  of  the  materials  can  be 
considerably  broadened  by  using  the  tubular  structures. 

To  calculate  the  hydrostatic  figure  of  merit  for  this  tubular  sensor,  we  notice  that  in 
practice,  the  quantity  dhgh  is  a  measure  of  the  product  of  the  charge  and  voltage  produced 
in  a  unit  volume  material.  For  a  tubular  material,  its  effective  volume  is  JtRo2L,  where  L  is 
the  tube  length  when  the  end  capped  tube  is  regarded  as  a  rod  with  its  radius  equal  to  Ro- 
Tht  capacitance  of  the  tube  is 

27ll_£o£ 

C  ln(R(/ro> 


10 


where  £  is  the  dielectric  constant  of  the  material.  Since  the  total  charge  produced  by  the 
tube  is  equal  to  27tR()Ldh  and  the  voltage  is  equal  to  this  charge  divided  by  the  capacitance 

of  the  tube,  the  effective  figure  of  merit  for  the  tube  is 

1  Rn  Rri  r<)2 

dhgh= - ln(-5)(d33+d3,(—5-)(2+-^))  (18) 

2££0  r0  K(Tr0  K0 

Here,  we  have  used  dh  result  for  an  isotropic  tube  (eq  (17)).  One  can  easily  find  the 
equivalent  expression  for  a  elastically  anisotropic  tubes.  Clearly,  a  large  figure  of  merit 
can  be  obtained  for  a  thin  walled  tube. 

IV.  1-3  TUBULAR  COMPOSITES 

A  1-3  composite  consisting  of  piezoelectric  ceramic  tubes  embeded  in  a  polymer  matrix 
is  shown  schematically  in  figure  2.  For  the  composite  discussed  here,  the  tubes  are  radially 
poled  and  are  electroded  on  the  inner  and  outer  cylindrical  surfaces,  the  composite  is 
electroded  on  the  two  end  faces.  Hence,  special  arrangements  are  required  to  ensure  proper 
electric  connections  between  the  electrodes  at  the  tube  walls  and  the  end  faces  of  the 
composite.  This  kind  of  composite  can  be  used  for  large  area  actuator  and  sensor 
applications,  as  well  as  smart  materials  in  where  both  sensor  and  actuator  are  integrated  into 
a  single  structure.  In  this  section,  we  only  discuss  the  properties  of  the  composite 
associated  with  the  sensor  applications. 

When  tubes  are  integrated  into  a  1-3  type  ceramic-polymer  composite,  as  has  been 
demonstrated  in  our  earlier  publications,  there  is  a  stress  transfer  between  the  polymer 
matrix  and  the  ceramic  tubes  in  the  z-direction,1^1  1  which  is  the  result  of  the  difference  in 
the  elastic  constants  between  the  two  constituent  phases  and  is  through  the  shear  force  in 
the  two  phases.  Due  to  this  stress  transfer,  the  piezoelectric  response  of  the  tube  in  the 
axial  direction  is  enhanced.  To  provide  a  physical  picture  of  how  the  hydrostatic  response 
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of  a  tubular  1-3  composite  changes  as  the  elastic  properties  of  the  two  constituent  phases 
and  their  geometric  parameters  are  varied,  we  will  treat  quantitatively  the  composite 
schematically  drawn  in  figure  3.  This  composite  corresponds  to  the  tubular  composite  in 
the  dilute  limit.  However,  since  only  the  polymer  matrix  close  to  the  ceramic-polymer 
interface  participates  in  the  stress  transfer,  the  result  can  also  be  applied  to  composites  with 
finite  ceramic  content. 


The  procedure  for  calculating  the  stress  transferred  from  the  polymer  phase  to  the 
ceramic  rod  is  similar  to  that  outlined  the  earlier  publications. 1  Under  hydrostatic 
pressure  p,  the  surface  displacement  field  uz  of  the  polymer  phase  in  the  z-direction  should 


satisfy  the  following  equation 


=-(sn+2sl2)p  + 


SnUL  3  u 


2  xdr 


where  p  is  the  hydrostatic  pressure,  Sjj  is  the  elastic  compliance  of  the  polymer  phase,  p  is 
the  shear  modulus  of  the  polymer  phase,  and  L  is  the  thickness  of  the  composite  in  the  z- 
direction.  The  solution  to  eq.  (19)  is  the  zeroth-order  Hankel  function  Ko(p)  and 

^=-ih^P+AK0(r/^)  (20) 

where  A  is  the  integration  constant  and  £=LV(2  V 2Y/p)»  defines  the  strain  decay  length  in 
the  polymer  phase.  In  eq.  (20),  we  have  made  use  of  the  relationships  sj2=-Cfsn  and 
Y=l/sn,  where  Y  and  a  are  the  Young’s  modules  and  the  Poisson’s  ratio  of  the  polymer, 


respectively.  The  total  force  f  transferred  from  the  polymer  phase  to  the  ceramic  tube  is, 
therefore 

f=Y  f  2k  r  A  K0(r/%)  dr 

Two  boundary  conditions  are  needed  to  determine  f:  the  first  is  that  at  the  ceramic  tube- 
polymer  interface,  the  z-component  of  the  strain  in  the  two  phases  should  be  equal,  and  the 
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second  is  the  relationship  between  the  z-component  of  the  strain  in  the  ceramic  tube  and  the 


stress  field 


uzz=  - 


pR0(l-o)s11  fsn 


2  2 
R0‘ro 


2  2 
:t  (R0-ro) 


where  s\ ic  and  cf  are  the  elastic  compliance  and  the  Poisson's  ratio  of  the  ceramic  tube 
respectively.  Eq.  (21)  can  be  derived  following  the  procedure  outlined  in  the  preceding 
section.  Hence,  the  amount  of  stress  transferred  from  the  polymer  matrix  to  the  ceramic 


tube  is 


f  PRq  A0(l-2o)/(R^Ysi,)  -  (1-2CO 

^  “  ) 


*Ao  l+K(/p0)A0/(2K1(p0)Ys;iR^) 

where  Ao=(Ro2-ro2),  po=Ro/^,  and  Kj(p)  is  the  fust  order  Hankel  function.  Since  the 
polymer  phase  is  subjected  to  a  hydrostatic  pressure,  the  Poisson’s  ratio  effect  causes  the 
reduction  of  the  effective  pressure  at  the  polymer  faces  from  -p  to  -p(l-2a).  As  shown  in 
eq.  (22),  this  reduces  the  stress  transfer  from  the  polymer  phase  to  the  ceramic  tube.  To 
increase  the  stress  transfer,  one  should  choose  polymers  with  small  Poisson's  ratio.  The 
total  stress  in  the  axial  direction  of  the  tube  is 

pRp(i|  A0(l-2a)/(R^Ys jt)  -  (1-20*) 

A°  1  +K^P(^A(/(2K  ,(Po)Ys  i,R(£) 


where  y  is  introduced  as  the  stress  amplification  factor.  In  figure  4,  we  plot  y  as  a  function 


of  the  aspect  ratio  Ro/L  for  a  1-3  tubular  composite  made  of  PZT-5H  tube  with  Ro=0.635 
mm  and  ro=0.381  mm  and  spurs  epoxy.  ^  Apparently,  for  thin  and  long  tubes,  the  stress 
amplification  factor  is  large.  This  result  is  similar  to  that  obtained  earlier  for  1-3 
composites  made  from  ceramic  rods  embeded  in  a  polymer  matrix.  10>* 1 
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Using  the  results  from  section  III  and  equation  (23),  one  can  write  down  the  effective 


hydrostatic  piezoelectric  strain  coefficient  for  1-3  tubular  composites 

‘l?=j^ve<djJt1j^l+Y+^)dj1)  (24) 

K0  K0'r0  Ko 

where  vc  is  the  volume  content  of  the  ceramic  lubes  in  the  composite  which  is  defined  as  vc 
=7t  Ro2/a,  and  a  is  the  unit  cell  area  of  the  composite.  For  a  composite  with  low  ceramic 
volume  content,  yin  eq.  (22)  is  equal  to  that  in  eq.  (24).  With  increased  volume  content, 
the  dependence  of  yon  the  material  properties  of  the  constituent  phases  will  become  more 
complicated  and  one  may  not  be  able  to  derive  an  analytical  expression  for  y  except  in  some 
special  cases.  In  this  paper,  we  will  not  pursue  this  further  and  only  point  out  that  in  the 
composite,  there  is  always  a  stress  transfer  between  the  two  phases  ( y  >1).  The  general 

rule  for  increasing  stress  transfer  is  basically  the  same  as  that  for  the  dilute  composite  case. 
In  the  limit  of  vc=>  1,  eq.  (24)  is  reduced  to  that  for  a  single  tube  when  regarded  as  a 


rod  with  the  similar  dimensions 


.arr  L  . ,  Ro  ,  r„ 

(d 31^0 — ~(2+Br)ci3i) 

Ko  K0'r0  Ko 


(25) 


Eq.  (16)  can  be  converted  to  eq.  (25)  by  using  the  area  of  the  tube  end  (nR^2)  as  the 

effective  electrode  area  instead  of  the  area  of  the  tube  outer  wall.  Similarly,  one  can  also 

derive  the  effective  hydrostatic  figure  of  merit  for  1-3  tubular  composites 

ln(^)(d33+H~(1+^+Y))d31i2  (26) 

2pp„  ro  Mo'ro  Mo 


As  vc=>  1(  y  =>  1 ),  the  result  is  reduced  to  that  for  a  single  tube  sensor  (eq.  (18)). 


For  the  comparison,  in  table  I,  we  present  the  experimental  values  of  the  hydrostatic 
response  of  an  end  capped  ceramic  tube,  a  1-3  composite  with  air  filled  capped  ceramic 
tubes  (air  backing),  and  a  1-3  composite  with  epoxy  backed  ceramic  tubes.  The  two  1-3 
composites  have  ceramic  tube  volume  content  of  23.3  %  .  The  dimensions  of  the  tubes 
are:  Rq=0.635  mm,  ro=0.381  mm,  and  L=9  mm.  The  polymer  matrix  was  made  of  spurs 
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epoxy.  For  the  data  in  the  table,  d3i  was  calculated  using  eq.  (25)  for  a  ratio  Rq/L=0.07 
where  the  ratio  d33/d3i=2.2  is  used.  From  this  d3i,  y  was  calculated  from  eq.  (26). 
Clearly,  the  y  value  here  is  much  smaller  than  that  shown  in  Figure  4.  One  of  the  reasons  is 
that  figure  4  is  for  the  composite  in  the  dilute  limit.  The  values  of  y  for  composites  with 
finite  ceramic  content  should  be  smaller.  The  imperfect  stress  transfer  between  the  two 
phases  and  the  depoling  effect  of  the  lubes  during  the  epoxy  curing  may  also  be  responsible 
for  this  reduction  of  y.  Although  the  data  in  table  I  show  that  the  hydrostatic  responses  of 
the  composites  tested  are  not  as  high  as  that  of  the  single  tube,  the  different  is  not  very 
large.  As  the  volume  content  of  ceramic  tubes  and  other  parameters  in  a  composite  are 
varied,  the  effective  hydrostatic  figure  of  merit  for  1-3  tubular  composites  will  change. 
Under  optimum  conditions,  one  would  expect  that  dheffghcff  for  a  tubular  1-3  composite 
will  exceed  that  of  a  single  tube.  Further  experimental  and  theoretical  work  is  required  to 
address  this  issue.  It  is  significant  that  the  figure  of  merit  of  1-3  tubular  composites  is  much 
higher  than  that  of  1-3  composites  using  ceramic  rods.  1  * 

If  there  were  no  stress  transfer  from  the  polymer  phase  to  the  ceramic  tubes  in  these 
tubular  composites,  one  would  find  for  this  1-3  composite  dheff=  3339  pC/N  and 
dheffgheff=  2353  xlO'15m2/N,  values  much  smaller  than  those  listed  in  table  I.  That  these 
values  are  much  smaller  clearly  demonstrates  the  importance  of  the  stress  transfer  between 
the  two  phases  in  a  1-3  composite. 

One  interesting  feature  from  table  I  is  that  the  hydrostatic  response  of  the  1-3  tubular 
composite  with  ceramic  tubes  having  epoxy  backing  does  not  differ  significantly  from  that 
of  the  composite  with  tubes  having  air  backing.  That  is,  the  presence  of  epoxy  inside  a  tube 
does  not  change  the  stress  distribution  in  the  tube  wall  significantly  except  to  transfer  stress 
in  the  z  direction.  This  can  be  understood  because  the  elastic  moduli  of  the  ceramic  tube  are 
much  higher  than  those  of  epoxy.  As  a  result,  the  ceramic  tube  wall  shields  the  epoxy 
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inside  the  tube  from  seeing  the  pressure  in  the  radial  direction.  Conversely,  the  epoxy 
inside  the  tube  does  not  exert  significant  amount  of  stress  to  the  ceramic  tube  wall  in  the 
radial  direction.  Therefore,  the  epoxy  filled  inside  of  a  tube  provides  an  effective  way  of 
enhancing  mechanical  strength  without  reducing  the  hydrostatic  response  of  the  composite 
significantly. 

V.  SUMMARY  AND  ACKNOWLEDGEMENT 

In  this  paper,  the  effective  piezoelectric  responses  of  the  tubular  structures  and 
composites  including  them  were  evaluated  both  theoretically  and  experimentally.  When 
used  as  actuators,  the  effective  piezoelectric  constant  in  the  radial  direction  of  a  tube  can  be 
changed  from  positive  to  zero  and  to  negative  by  adjusting  the  ratio  of  Ro^o  f°r 
piezoelectric  materials  or  the  DC  bias  field  for  electrostrictive  materials.  Therefore,  the 
effective  piezoelectric  constants  along  the  axial  direction  and  the  radial  direction  can  both 
have  the  same  sign.  For  the  sensor  applications,  the  two  ends  sealed  tube  exhibits 
exceptionally  high  hydrostatic  response  and  analogues  to  the  situation  of  actuators,  the 
pressure  response  in  the  radial  direction  can  be  adjusted  by  the  ratio  Ro^c  for  piezoelectric 
materials  or  the  DC  bias  field  for  electrostrictive  materials.  For  large  area  applications, 
these  tubes  can  be  readily  integrated  into  1-3  composite  structures  which  provide  low 
acoustic  density  and  high  piezoelectric  activity.  The  effectiveness  of  the  stress  transfer 
between  the  polymer  phase  and  the  ceramic  tube  in  1-3  composite  makes  it  possible  to  fill 
the  inside  of  the  ceramic  tube  with  epoxy  which  increases  the  mechanical  strength  of  the 
tubular  structure  without  significantly  reducing  the  piezoelectric  response  of  the  composite. 

The  authors  wishes  to  thank  Drs.  J.  Powers  and  A.  O.  Sykes  for  many  stimulating 
discussions.  The  technical  assistance  of  Mr.  H.  Chen  is  greatly  appreciated.  This  work 
was  supported  by  the  Office  of  Naval  Research. 
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Table  I  Hydrostatic  properties  of  the  end  capped  tube  and  1-3  tubular  composites 


e 

dheff(pC/N) 

dhcffgheff(10-‘15m2/N) 

d3i  (pC/N) 

Y 

End  capped  tube 

2,945 

-14,330 

10,000 

-235 

1 

Composite 

(air  backing) 

2,922 

-5,502 

6,389 

-235 

2.11 

Composite 

(epoxy  backing) 

2,944 

-4,970 

5,172 

-235 
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FIGURES  CAPTIONS: 

Figure  1:  Schematic  drawing  of  a  radially  poled  ceramic  tube  with  outer  radius  Rq  and 
inner  radius  ro,  length  L.  The  electric  field  is  applied  on  the  tube  wall  along  the  radial 
direction. 

Figure  2:  Schematical  drawing  of  1  -3  tubular  composite  where  the  ceramic  tubes  are 
embeded  in  a  polymer  matrix.  The  ceramic  tubes  are  either  end  capped  or  tube  inside  filled 
with  epoxy. 

Figure  3:  A  single  tube  1-3  composite.  The  ceramic  tube  is  end  capped. 

Figure  4:  The  stress  amplification  factor  Y  (eq.  (23))  for  the  composite  drawn  in  figure  3 
as  a  function  of  the  aspect  ratio  RtyU  of  the  ceramic  tube  with  PZT-5H  ceramic  tube  and 
spurs  epoxy. 
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